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ABSTRACT 
The present dissertation has investigated the effect of oxygen on the ω and α 
phase stability in metastable Ti-Mo β titanium alloys using thermal analysis, hardness 
measurements, electron microscopy, and x-ray diffraction.  
Single crystal x-ray diffraction has shown that oxygen atoms are located in the 
tetrahedral interstitial lattice sites in the rapidly cooled bcc Ti crystal structure, 
interfering directly with the reversible displacive formation of ω, with this 
transformation involving collapse of the bcc lattice along <111>β. Subsequent thermal 
exposure of reversible ω, as occurring during slower cooling, heating, and aging, 
prompts short range diffusion and the formation of chemical altered irreversible ω.  
X-ray diffraction particle size analysis based on the Warren-Averbach approach 
has shown that the continued irreversible ω phase evolves in four stages during 
isothermal aging, initial growth followed by size stabilization, coarsening, and 
dissolution. The latter stages of ω evolution are controlled by elastic residual stresses 
surrounding these particles. Ultimate stress relaxation is based on secondary formation 
and growth, promoting coarsening and dissolution of ω. All of the aforementioned 
stages can be accelerated by increasing both the oxygen content and isothermal aging 
temperature.  
The hardness response parallels this evolution and is dependent upon the ω and 
α phase evolution. The initial hardness increase is due to the growth of ω. The hardness 
plateau is based on stabilized ω size and fine α precipitation. The overaging hardness 
response is due to continuous secondary α formation and growth combined with ω 
iii 
 
coarsening and dissolution. Hardness increases with increasing interstitial content as a 
result of solid solution strengthening and α particle refinement.  
Isochronal and isothermal thermal analysis has shown that increasing oxygen 
content promotes the α phase formation thereby increasing the ω instability. Grain 
boundary and primary α morphology growth are associated with the growth and 
thickening of sideway α platelets at low aging temperatures and longer aging times. The 
highest oxygen levels investigated, 2 weight percent (wt%), promotes earlier 
intragranular α nucleation.  
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CHAPTER ONE 
 
1. INTRODUCTION 
Metastable β titanium alloys having high strength to density ratio, low modulus 
of elasticity, good cold formability, and deep hardenability as well as high corrosion 
resistance, are of increasing interest to the biomedical [1,2], automotive [3], aerospace 
[4], and energy industries [5]. Indeed, this alloy class offers perhaps the widest range of 
microstructure and mechanical properties among titanium alloys. Their properties are 
primarily determined by the proportions, distributions, and morphologies of the α 
precipitates, for strengthening, and their β grain size, for ductility. 
One particular area of interest is the influence of the metastable ω phase on the 
microstructural evolution occurring during non-equilibrium heat treatment, with ω 
precipitates having been shown to act as potent α nucleation sites [6-12] during artificial 
aging. Three different nucleation sites of the α precipitates have been proposed in the 
literature, one at the ω/β interface [13], one within the ω phase [10, 14], and one at a 
certain distance from the ω precipitates [15]. This variety of nucleation sites is expected 
to be impacted by the interstitial content, as well as cooling and heating rates during 
heat treatments. Indeed, it is well documented [8, 9 and 16-21] that oxygen suppresses 
the ω formation and, at the same time, it can also act as an interstitial strengthener in the 
solutionized condition while increasing the aging kinetics of the α phase. Furthermore, 
when certain alloy dependent oxygen levels are reached, the oxygen atoms may cluster 
[18] and may themselves act as α nucleation sites. Increased attention has recently 
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focused on understanding the heating rate dependency on the aging reactions. Flowers 
et al. [12] showed that the heating rate during aging effected the phase transformations 
and hardness response of Ti-15Mo comparing salt bath and air furnace treatments. In 
addition Vassel [22] quantified the heating rate effect: at a faster heating rate, 
200˚Cmin-1, abetted homogeneous α precipitate within the matrix, while at a slower 
heating rate, 1 ˚Cmin-1, ω-assisted α nucleation was observed in Ti-10V-2Fe-3Al. A 
further decrease in heating rate has shown that phase separation becomes a leading role 
for α precipitation. The β phase decomposes into two separated β phases possessing 
similar crystal structures (bcc) but different lattice parameters [23, 24].  
This present investigation has examined the role of oxygen on ω and α phase 
formation in the metastable β titanium alloy Ti-15Mo. Addition efforts have compared 
various heating rates to clarify their impact on the ω phase stability during artificial 
aging.  
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CHAPTER TWO 
 
2. LITERATURE REVIEW  
2.1. Titanium and Titanium Alloy Classes 
 
 
Pure titanium (Ti) below 882°C exhibits a hexagonal closed packed (hcp) crystal 
structure and is referred to as the α phase (α), having lattice parameters of a=2.9512 Å 
and c=4.6845Å for pure titanium. Two types of α phases have been reported: one, 
known as type I α, which obeys the Burgers orientation with respect to the β phase, i.e., 
{0001}α // {110}β and <11-20> α // <111> β and the other, known as type II α, which 
does not obey the Burgers orientation relation but is in a {10-12} <10-11> twin 
orientation with respect to type I α. The Burgers relations allow 12 different variants of 
type I α. Above 882°C the body centered cubic (bcc) β phase (β) is stable. The β phase 
exhibits a body-centered cubic (bcc) crystal structure, with a lattice of 3.3066 Ångstrom 
for pure titanium. In alloys the lattice parameter of β is composition dependent, 
decreasing with increasing β-stabilizing content [1-4]. Thermodynamically, the β is 
phase stable above the β-transus and metastable below it. Fully β phase titanium alloys 
exhibit good formability due to their bcc crystal structure, having a strength level 
typically above 850 MPa [5]. 
The α to β transformation temperature, the so called “β-transus” (βT), may be 
modified through the addition of various alloying elements. These can be differentiated 
as α-stabilizing, which increase the β-transus temperature, e.g. Al, N, O, and β-
stabilizing, which decrease the β-transus temperature, e.g. Mo, V, Nb, Fe. Β stabilizers 
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may be further subdivided into β-isomorphous elements, which are fully soluble in the β 
phase, and β-eutectoid elements, which form intermetallic compounds with titanium.  
Moreover, titanium alloys can be classified as α, α + β and metastable β alloys 
depending on which phase is predominant in the microstructure at room temperature, 
Figure 2-1. Α (α) alloys normally contain Al, O and Sn with minor additions of β 
stabilizers, the latter additions being limited to maintain a complete α solid solution. α + 
β alloys contain additional β stabilizer additions, these alloys having a β volume 
fraction of 5-40 percent. In β solution treated and quenched α + β alloys, having a lean β 
stabilizer content, the hcp martensite (α’) can form. Increasing the β stabilizer content 
further causes the orthorhombic martensite (α”) to form instead [8-10]. Finally, the 
metastable β alloy class is reached, when the proportion of β-stabilizing elements is 
increased to a level that suppresses the martensitic transformation of the β phase, MS, 
below room temperature, Figure 2-1 [5-8]. 
Variation in the martensite start temperature (MS) is related to variation in the 
association of different β stabilizing atoms with titanium. In a 1:1 titanium solid 
solution with varying β stabilizers, vanadium atoms exhibit a random placement in the 
lattice. In this case, twelve atomic percent vanadium has been found to completely 
suppress the MS below room temperature [9]. In the same 1:1 solid solution, 
molybdenum atoms order within the crystal lattice, forming a B2 structure. This 
ordering correlates to the lower atomic percent necessary (eight atomic percent) needed 
to suppress the martensite start temperature in a titanium molybdenum structure  
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Figure 2-1: Schematic pseudo binary phase diagram of titanium and a β-stabilizer, 
where βT is the β-transus temperature and βs are the critical minimum levels of β-
stabilizing content for metastable and stable β titanium alloys monotectoid reaction 
[12]. 
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[10, 11]. By contrast, niobium atoms in a similar ratio form niobium clusters, with 
seventeen atomic percent being required to lower the MS below room temperature [10]. 
Finally, at the higher solute contents, a competition between the metastable ω 
and martensite phases is often observed [13, 14]. 
A common means of quantifying the degree of stability of titanium alloys based 
on βT temperature is to evaluate its “molybdenum equivalent” [15] and “aluminum 
equivalent” [16] as given by: 
 − .= 1.0
% + 0.67
% + 0.44
% + 0.28
%
+ 0.22
% + 2.9
wt%Fe + 1.6
wt%Cr − 1.0
wt%Al 
and  
$% − .= 1.0
%$% + 10.00
%& + 10.00
%' + 0.17
%()
+ 0.33
%+, 
 
with metastable β titanium alloys having a MoEq. greater than 10 [15], Table 2-1.  
 
 
2.2. Metastable β-Titanium Alloys 
 
Metastable β titanium alloys exhibit greater hardenability, corrosion resistance, 
workability, and strength to density ratios than do α + β alloys [5-8]. Two established 
processing routes are normally used during the production of metastable β titanium 
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Table 2-1: Commercial metastable β titanium alloys classified in order of increasing 
MoEq[5]. 
Nominal Composition (wt%) Common Designatin MoEq. AlEq. 
Ti-11.5Mo-6Zr-4.5Sn β-III 11.5 2.5 
Ti-15V-3Cr-3Sn-3Al Ti-15-3 11.9 4.0 
Ti-15Mo-2.7Nb-3Al-0.2Si β-21S 12.8 3.0 
Ti-3Al-8V-6Cr-4Zr-4Mo Ti-38644, β-C 16.0 3.7 
Ti-8V-8Mo-2Fe-3Al Ti-8823 16.1 3.0 
Ti-15Mo-0.2O Ti-15Mo 15.0 2.0 
Ti-6.8Mo-4.5Fe-1.5Al TIMET LCB 18.4 1.5 
Ti-13V-11Cr-3Al - 23.3 3.0 
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alloys. One involves β deformation processing and solution treatment, either within the 
single phase β field or high in the α + β phase field. The other involves through-transus 
processing where final deformation processing is performed at continuously decreasing 
temperatures, typically starting just above the β-transus and continuing into the α + β 
phase field. Final solution treatment after processing, if desired, may also be performed 
for short times within the β phase field or within the α + β phase field. The latter 
processing route involves extensive subtransus deformation and tends to result in 
smaller primary α particles [5]. Similarly it offers the opportunity for controlling the 
size and continuity of grain boundary α [1, 17]. The important difference between these 
routes is their effect on the β phase stability after processing. α + β processing and/ or 
solution treatment, results in continued α phase precipitation and as a consequence, the 
β phase becomes enriched in β-stabilizers and depleted in α-stabilizers. Performing an α 
+ β solution treatment/processing is thus a convenient way of increasing the β phase 
stability, whereas β solution treatment followed by quenching results in the minimum β 
phase stability.  
Based on the solute content, metastable β titanium alloys, as first proposed by 
Duering and Williams [6], can be subdivided into solute lean and solute rich alloys. The 
difference between these is that the former types decompose on quenching into either α’ 
or α” depending on interstitial content and/or strain level [13, 14, 18, 19]1 and/or ω 
                                                 
1
 Strain induced Martensite can be found in extreme lean β alloys due to residual stresses 
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phase, historically called athermal ω (ωa). In contrast, solute rich alloys exhibit a phase 
separation into a solute rich β-phase and a solute lean β’-phase on quenching.  
Advances in characterization techniques, e.g. aberration corrected high resolution 
transmission electron microscopy (HRTEM) and 3D atom probe tomography (3DATP), 
have shown that the ω phase forms through an initiated collapse of the {111}β planes 
within solute depleted pockets resulting in the formation of ω-like embryos in solute 
rich metastable β alloys, Figure 2-2 [20-23]. It has also been shown that during aging 
the displacive and diffusional components are closely coupled due to continuous 
changing in composition and further collapsing along the <111>β allowing the ω 
particles to grow initially displacively and deplete in solute content during further aging 
diffusionally. A free energy diagram was proposed for a Ti-18wt% Mo alloy, Figure 2-
3a, corresponding to the phase diagram proposed by Furuhara [24], Figure 2-3b, the 
authors later proposing that a miscibility gap in the β phase based on a pseudo-spinodal 
decomposition of the β phase exists. This leads to solute lean pockets in which the ω-
like embryos can form.  
The aging behavior of metastable β titanium alloys may be further characterized 
by two distinct temperature regimes: a high temperature regime, in which β transforms 
directly into the α phase; and a low temperature regime, in which the β phase first 
transforms into a “transition” phase which later transforms into equilibrium α phase. 
The boundary between both regimes typically lies between 400 and 500˚C, depending 
on the alloy system and details of the thermal processing, the latter being a focal point 
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Figure 2-2: (a) Enlarged HAADF-HRTEM image showing the transition from collapsed 
β structure on top to the collapsed ω-like structure in the bottom side of the image. The 
motif of β and ω are highlighted with white rectangles. (b-d) The schematic figures for 
the ideal motifs of β, partially collapsed ω and fully collapsed ω structures. The 
ABCABC stacking of 222 planes in the β and AB’AB’ stacking in the collapsed ω 
structures are highlighted [23]. 
14 
 
of this dissertation [25, 26]. This behavior can be schematically represented on a time-
temperature-transformation (TTT) diagram, Figure 2-4. The transition phase involved in 
the low temperature aging precipitation sequence can either involve β’ or the metastable 
ω phase, depending on the alloy composition and temperature. The ω phase forms 
directly in weakly β-stabilized systems which are designated solute-lean β alloys, while 
β’ occurs in more heavily alloyed systems known as solute-rich β alloys [6].  
Finally, cooling rates, from the solution treatment temperature, also have an 
impact on the β matrix stability. For example, rates greater than 8Ks-1 for a solute lean  
and 1 Ks-1 for a solute rich alloy are needed to suppress heterogeneous α nucleation and 
growth during cooling [27, 28]. 
1.1. ω Phase  
 
The ω phase is metastable with respect to the equilibrium α and β phase, 
forming either as very small particles upon quenching or as larger particles, both of 
which coarsen upon low temperature aging [5-8, 29-34]. The ω phase transformation 
was first observed by Frost et al. in quenched Ti alloys in 1954 [35], its structure being 
later clarified by Silcock [36], Blackburn and Williams [37] as hexagonal obeying the 
following relationship: <11-20>ω // <110>β and (0001)ω // (111)β. As a consequence, 
there are four possible variants of ω particles, parallel to the four <111>β directions, 
equally populated in undeformed alloys [26]. It is further well established [26, 38, 39]
15 
 
(a) 
 
Figure 2-3: (a) Schematic free energy vs. composition plots for the β and ω phases in 
Ti-9at% Mo alloy under lower temperature under lower temperatures that illustrates the 
transformation mechanism. A miscibility gap is shown in β free energy curve and the 
average alloy composition is marked by th vertical dotted line. The T0 point where the β 
and ω free energy curves intersect is also marked in the figure. The sequential phase 
separation in β and subsequent structural transformation of Mo-depleted β regions to ω 
are shown in the figure using dashed lines and arrow [20]. (b) A Ti-Mo schematic phase 
diagram, publiished by Furuhara et al. [38], which exhibits that the Ti-18wt.%Mo alloy 
lies within the calculated coherent spinodal regime. 
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(b) 
Figure 2-3: continued 
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Figure 2-4: Typical TTT diagram for metastable β titanium alloys. 
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that the ω phase forms in solute lean alloys based on a displacive, diffusion-less 
transformation on quenching and occurs as a highly uniform distribution of very fine 
particles, arranged in rows along the <111>β directions [32, 34]. Figure 2-5 illustrates 
the collapse of a pair of (111)β planes due to a 2/3 <111>β longitudinal displacement 
wave. A complete collapse in weak alloyed systems leads to an ideal hexagonal ω 
structure as shown in Figure 6. An incomplete trigonal ω “rumpled” structure is 
produced by further increasing the alloying content and causing only partial collapse of 
the <111>β planes. This can be seen in Figure 2-6.  
Incorporation of small amounts of interstitial atoms can produce a large 
suppression in ω start temperature. Results from Williams and Paton in a Ti-(17-20)V-
(0.02-0.19)O system (wt%) are shown in Figure 2-7 [40]. The ω start temperature (ωS) 
is plotted versus the amount of interstitial oxygen depending on the vanadium content. 
At the highest investigated vanadium content, 20 weight percent, a small amount (0.01 
wt%) of oxygen is addition of more oxygen is necessary to obtain the same result. At 
the lowest vanadium concentration used in Paton’s study (17 weight percent), 0.03 
weight percent of the interstitial oxygen is necessary.  
These results from the early 70s were not further investigated until Rack et al. in 
the late 90s used oxygen as an alloying element during their development of the Ti-
35Nb-7Zr-5Ta alloy system [41-43]. They also observed the reduction of ωS with 
interstitial oxygen inclusion. A correlated observation in further studies by Rack’s  
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Figure 2-5: <111> plane collapse model: (111) planes in β phase become (0001) in ω 
phase with central atoms moving from layer 1 and 2 to layer 1.5 [38]. 
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Figure 2-6: Schematic illustration of ideal and rumpled ω phase [38]. 
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Figure 2-7: Influence of Oxygen Content on the Athermal β-ω Transformation [40]. 
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group demonstrated a relationship between oxygen content and Young’s modulus. This 
relationship, a minimum in modulus being observed with increasing oxygen content 
was reported within detailed explanation [44]. The same observations were made by 
Kim and Kim in a simpler Ti-Nb-O system. Their results are shown in Figure 2-8 [45], 
where the correlation between Young’s modulus and niobium, and Young’s modulus 
and associated niobium oxygen content is shown. There is still no explanation available 
for this phenomenon. This leads to another focal point of this dissertation. No work was 
found on the Ti-Mo-O system. 
Finally, De Fontaine [39], was among the first to recognize that there is no 
physical basis for differing between “athermal” and “isothermal” ω (ωa, ωiso). Later 
Duering et al. [46] suggested that the formation of the ωiso phase during aging below 
450˚C cannot be explained by a classical diffusion controlled nucleation and growth 
process. Their experimental evidence showed that: an unusual rapid ω growth rate of 
“isothermal” ω in Ti-10V-2Fe-3Al at low temperatures. When diffusion is permitted, 
the isothermally formed ω particles were very uniform in size at any given temperature, 
at higher temperatures larger particles and a fewer number was observed, the aging 
times not having a significant effect on the ωiso particle size. In tutu, the initial 
morphology of the ω particles was ellipsoidal and changed into cuboidal upon longer 
aging times. In order to explain their results, an alternative model based on the 
displacive continuation of “isothermal” ω particles was proposed. Based on their model,
23 
 
 
 
Figure 2-8: Effect of Oxygen on Elastic Modulus of Metastable Ti-Nb-O Based Alloys 
[45]. 
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upon heating of the β + ω microstructure developed during water quenching, the ωa 
embryos persist in a steady state equilibrium with the matrix. When the temperature is 
increased above the ω solvus temperature, fewer ωa particles remain, suggesting that the 
dissolution of the ωa particles takes place over a wide range of temperatures. Since the 
remaining particles are subject to random compositional fluctuations, those enriched in 
Ti become a more stable ω structure and can further grow. Assuming that the ωiso 
particles are formed through the lattice displacement transformation mechanism by De 
Fontaine [39, 32] and altered by compositional fluctuations to either grow or dissolve 
could explain Duering et al. experimental observations.  
The anomalous temperature dependency of resistivity (dρ/dT) in metastable β 
titanium alloys during heat up [48-50] has also been shown to be based on the transition 
between reversion and further growth of ω particles. Based on a thermal cycling 
experiment, Prima et al. [51-56] showed that, by examining the recovery of the 
temperature coefficient of resistivity (TCR) combined with HRTEM that in Timetal 
LCB, the fully reversible displacive growth reaction of the ω phase can be observed up 
to 150˚C. Above this temperature, short range diffusion alters the composition of some 
ω particles in such a way that they cannot reversibly transform to the parent β phase.  
These observations make the historical differentiation into “athermal” and 
“isothermal” ω questionable. A better distinction would be reversible- ideal- ω (ωrev) 
and chemically altered-modulated- irreversible ω (ωirr). Figure 2-10 illustrates the 
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thermodynamic basis for this “displacement-assisted growth mechanism”. When the 
alloy composition is near composition B in Figure 10 is enriched in β-stabilizer content 
so that ω is unstable, a small increase in the amount of Ti content of the ω phase being 
sufficient to stabilize the ω structure, moving the composition of the ω particle to B. 
When the composition of B is attained, the ω particle can grow very quickly through the 
displacive mechanism. Upon subsequent aging, solute elements continue to diffuse from 
the ω phase into the β matrix, until the compositions denoted A and C on Figure 10 are 
reached (metastable equilibrium) [46]. 
The maximum stability temperature for the ω phase, the so called ω-solvus temperature 
(ωsol), varies among alloy systems; for example it has been evaluated at about 425˚C in 
Ti-15Mo-5Zr-3Al [58], above 500˚C in β-III [59], at 390˚C in Timetal LCB [60] and 
between 300 and 350˚C in Β-C [61]. Moreover, the stability range of ω
 
phase is affected 
by alloying elements. Increasing amounts of α-stabilizers decreases the stability of the 
ωirr phase reduced through earlier α nucleation [6, 7, 26, 62]. In contrast, increasing β-
stabilizers increases the volume fraction of ωirr. Alloying content in general can also 
suppress the ωrev formation below room temperature [63, 64]. Aging at temperatures 
above the ω-solvus results in a rapid drop of ωirr volume fraction and particle size until 
ωirr no longer exists. Upon aging at temperatures below the ω-solvus both ωirr volume 
fraction and particle size increase with aging time until metastable equilibrium values 
are reached, the changes occur more rapidly as temperature is increased [12, 62, 64-68].  
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Figure 2-9: Schematic representation of the α, β and ω free energy curves for a 
hypothetical binary β-stabilized Ti system at a temperature above the athermal ω solvus 
temperature [46]. 
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At longer aging times or higher temperatures, the ω phase dissolves and the stable α 
phase is precipitating. 
The oxygen content also influences the precipitation of the equilibrium α phase 
as reported by Rack et al. [41-44]. This precipitation appears with continued aging of a 
β+ω microstructure. For the metastable β titanium alloy Timetal LCB, different research 
groups discovered different α nucleation sites with respect to the ω phase and oxygen 
level: Azimzadeh and Rack [59] reported that α precipitates nucleate at a certain 
distance from β/ω interface, Figure 2-10 c. On the other hand, Prima et al. [56] found 
that α particles nucleate within the ω precipitates, Figure 2-10 a. Frasier et al. observed 
the α/β interface as nucleation origin for the α phase [23], Figure 2-10 b. Qazi et al. also 
proposed a model that at higher oxygen levels in Ti-35Nb-7Zr-5Ta-xO, oxygen cluster 
could act as α nucleation sites, Figure 2-10 d. This leads to the final focal point which 
relates the α nucleation to the stability of the ω phase. 
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Figure 2-10: Α nucleation sites depending on the ω phase and oxygen content [23, 42, 
56, 59]. 
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CHAPTER THREE 
 
3. METHODOLOGY 
3.1. Material 
Two series of Ti-Mo alloys, one provided by ATI Allvac, Monroe, North 
Carolina as commercially produced α + β warm rolled bar the other by GfE, Erlangen, 
Germany as as-casted 100 gm vacuum-arc melted buttons, were examined in this 
investigation, Table 3-1. The latter ones were prepared from high-purity, 99.99%, 
titanium, titanium oxide and molybdenum powder by double vacuum arc melting in a 
water cooled copper crucible, the buttons being turned after each melt step. 
Figure 3-1 illustrates the microstructures of the α + β processed material. The 
lowest, 0.15O bar exhibited a non-uniform prior β grain structure (2 µm average grain 
size) with triple point α, elongated grain boundary α and secondary, intragranular α. 
Triple point nucleated α displayed a triangular shape, while grain boundary α tended to 
be elliptical. The intermediate 0.35O bar, exhibited a more uniform and finer prior β 
grain structure (1.1 µm average grain size) and a higher volume fraction of α. 
Furthermore the triple point nucleated α particles appeared to be more numerous and 
smaller in size, while the grain boundary α phase appeared to be thinner and more 
continuously distributed, with extensive precipitation of intragranular α also being 
observed within the prior β matrix. Finally the highest oxygen α + β bar had the most 
uniform and finest prior β grain structure (560 nm average grain size). The triple point 
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Table 3-1: Chemical composition of Ti-Mo-O alloys. 
Element Ti Mo O Fe H Ni 
PO75 33.5 mm diameter bar 
Atomic % bal. 7.78 0.39 - - - 
Weight % bal. 14.85 0.15 0.02 0.0017 0.0015 
203F 44.5 mm diameter bar 
Atomic % bal. 7.72 1.22 - - - 
Weight % bal. 14.54 0.34 0.026 0.0008 0.0008 
204F 38.1 mm diameter bar 
Atomic % bal. 7.78 1.63 - - - 
Weight % bal. 14.57 0.49 0.028 0.0032 0.0032 
Ti-15Mo-
1O 
Button 
Atomic % bal. 7.9 3.1 - - - 
Weight% bal. 14.92 0.92 0.017 0.001 0.003 
Ti-35Mo-
0.2O 
Button 
Atomic % bal. 21 0.7 - - - 
Weight% bal. 34.87 0.18 0.019 0.001 0.004 
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(a) 
Figure 3-1: Microstructure of the as-received (a) Ti-15Mo-0.15O, (b) Ti-15Mo-0.35O 
and (c) Ti-15Mo-0.5O. 
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(b) 
Figure 3-1: continued 
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(c) 
Figure 3-1: continued 
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and grain boundary α appeared to be somewhat larger and more circular in shape, 
several examples of a necklace α structure were being seen in this micrograph, with 
needle shaped intragranular α phase within the β matrix. 
 
3.2. Heat Treatment 
3.2.1 Α-Β Solution Treatment and Aging 
Ten(10) mm thick slices of the Ti-15Mo-(0.15-0.5) O were removed from the as 
received α + β bar, coated with Y2O3, Figure 3-2 a-c, and solution treated at 732˚C, Ti-
15Mo-0.15O, or 760˚C, Ti-15Mo-0.35O and Ti-15Mo-0.5O, for 110 minutes followed 
by water quenching (WQ) [1]. After solution treatment these slices were quartered, 
recoated with Y2O3 and artificially aged, Figure 3-2 c, in a recirculating air furnace at 
temperatures between 400 to 550°C for times up to 512 hours, the aging process being 
terminated by air cooling (AC). Both furnaces used were mapped to ensure a 
homogeneous heat zone using a K-type thermocouple (+/- 2˚C). In addition the heating 
rates to the solution treatment and aging temperatures as well as cooling rates following 
heat treatments were monitored by a K-type type thermocouple (+/- 2˚C) located in the 
center of a dimensionally similar dummy specimen, all time intervals reported herein 
having commenced when the center of the sample reached either the solution or aging 
temperature. Figure 3-3 shows that the heating rate to the solution treatment 
temperature was 90˚C/ min, Figure 3-3 a, while the heating rate to the aging 
temperatures was 30˚C/ min., Figure 3-3 b. Finally the cooling curves for both, solution  
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Figure 3-2: Steps of sample preparation: (a) 10 mm bar cut off of the as received 
material and rolling direction; (b) quartering of solution treated material for further heat 
treatments; (c) sample geometry used for further heat treatments; (d) grinding of 
oxidized layers after heat treatment; (e) hardness measurements; (f) wafering of XRD 
sample from the opposite side of the hardness indents; (g) TEM specimens: (h) XRD 
sample.   
RD
TD
(a) (b)
(c) (d)
(f)(e)
(h)
(g)
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(a) 
 
 
 (b) 
Figure 3-3: Typical heat transfer curves relevant for Ti-Mo specimens in air furnaces; 
(a) heating to 760˚C; (b) beating to 500˚C; (c) water quenching from 760˚C; (d) air 
cooling from 500˚C. 
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(c) 
 
(d) 
Figure 3-3: continued 
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treatment and aging temperature, are shown in Figure 3-3 c and d, water quenching 
from the solution treatment temperature taking less than a minute, Figure 3-3 c, with air 
cooling after aging for example from 500˚C, taking approximately 25 minutes. 
3.2.2 Β Solution Treatment 
Β solution treatment followed by water quenching was also performed to retain 
a β + ω microstructure. 10 x 20 x 6 mm sections of Ti-15Mo-( 0.12- 1.0) were coated 
with Y2O3 and β solution treated for 1 hour at temperatures predicted by Pandat 
calculations which defined the effect of oxygen on the β transus temperature as shown 
in Figure 3-4. 
  
3.2.3 Single Crystal Growth 
Single crystals were grown for the following materials: Ti-15Mo-(0.15/0.5/1.0) 
O and Ti-35Mo-0.2O. 5 x 5 x 20 mm specimens were cut from each alloy, coated with 
Y2O3 and wrapped in tantalum foil prior to encapsulation. Additionally, each 
encapsulation vial was filled with titanium chips to getter any remaining oxygen left in 
the vial. Following vacuum encapsulation in a quartz tube, the samples were treated for 
4 (Ti-15Mo-(0.15/0.5) O), 14 (Ti-15Mo-1O) and 38 days (Ti-35Mo-0.2O) at 1195˚C in 
a tube furnace operated under a dynamic Argon atmosphere. Finally the vials were 
broken under water to produce a nominal single phase β/β+ω  
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Figure 3-4: Effect of oxygen content on the β-transus temperature for Ti-15Mo. 
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3.3. Metallography 
Metallographic preparation of the solution treated and aged Ti-Mo-O samples 
involved standard grinding and polishing procedures. The intended examination 
surface, transverse to the rolling direction, were initially surface ground to remove any 
α-case oxidized layer that may have formed during heat treatment, Figure 3-2 d, 
utilizing Buffalo Abrasive® SiC particle-vitrified bonded grinding wheels at a speed of 
32 meters/second with a water-oil mixture lubrication. The grinding schedule involved 
15 passes of a depth of 0.0254 mm per pass with a 220 grit grinding wheel followed by 
20 passes of a 320 grit wheel and 25 passes by 400 grit wheel. 50 passes of 0.01 mm 
each pass with a 600 grit wheel finished the grinding schedule for a total removal from 
the top and bottom of each sample of 2.05 mm, Figure 3-2 d, the sample being rotated 
by 90˚ after each wheel change.  
Hardness measurements were performed with a Wilson Instruments® Rockwell 
C hardness tester at a load of 150 kilograms, the hardness values reported being the 
average of 5 measurements, Figure 3-2 e, with a standard sample being tested before 
and after each sample to ensure data validity. After hardness measurements the sample 
was inverted, this opposite face being utilized for further investigations, Figure 3-2 f. 
After removal of possible surface contamination by surface grind as described 
previously the specimen were given a vibratorial polish utilizing a 0.3 and 0.05 µm 
alumina solution, polishing with a colloidal silica 0.06 µm finishing the operation. As-
polished samples were used for XRD or backscatter electron imaging (BSEI), with 
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thinner slices, 1 mm thick, being prepared for TEM sample, Figure 3-2 g-h. Ultimately 
site specific sample preparation was carried out using a FEI Dual Beam FIB, Helios 
NanoLab, combined with a Fishione Instruments Model 1040 NanoMill®. 
Finally, preparation of single crystals involved equal removal of material from 
both sides using 600 and 800 grit SiC paper until a thickness of less than 200 µm was 
attained. Vibratorial polishing with 0.3 µm, 0.05 µm alumina and colloidal silica 
completed the process. These samples were etched with Kroll’s etchant, 1.5 ml HF, 3.5 
ml HNO3 and 95 ml distilled H20 to identify the grain structure, a grain near the sample 
center being isolated using an optical microscope and a scalpel. Samples of 0.75 mm 
diameter, or smaller, were cut from this grain for single crystal XRD. 
 
3.4. Thermal Analysis  
Thermal analysis utilized a Netzsch Pegasus 404 C DSC equipped with a low 
temperature head (Sample carrier 6.235.4-61/ K-Type Thermocouple, ± 0.5K) and an 
Ag wound furnace. Prior to commencing the analysis the furnace chamber was 
repeatedly evacuated < 6 mbar using a vacuum pump and refilled with Ar while 
maintaining an under ultra-high 1 ppb purity static Ar atmosphere during testing. 
Isochronal runs at 1˚C, 5˚C, and 50˚C per minute (1CPM, 5CPM and 50CPM) heating 
rate to temperatures in the range 200-550˚C were initially examined for the β 
solutionized samples. These were supplemented by isothermal excursions by setting the 
furnace control in such a manner, that the heating rate was slowly allowed to decrease 
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commencing at approximately 15˚C below the preselected isothermal temperature, this 
preventing system overshoot. Aging times up to 24 hours were considered after 
reaching the isothermal temperature with cooling at 15˚C/min being used to return the 
system to room temperature, Table 3-2. Isochronal runs for the α + β solution treated Ti-
15Mo-(0.15-0.5)O were carried out using 30˚C per minute 30CPM) heating rate, the 
same heating rate as the air furnace in which the aging study was undertaken. The 
isothermal runs were carried out at the same temperatures as the aging was carried out: 
400˚C, 450˚C, 500˚C and 550˚C for 18 hours followed by furnace cooling. Finally a 
separate baseline procedure for the isochronal and isothermal sections of the thermal 
analysis experiments was utilized. The former utilized a sample that had been aged for 
512 hours at 550˚C to stabilize the matrix thereby minimizing the formation of the 
metastable ω phase. Figure 3-6 illustrates the isochronal results for the baseline sample 
of Ti-15Mo-0.5O, it still exhibited the two peaks during heat-up for the investigated 
temperature range, although the magnitude had been reduced to a very low level. By 
using different heating rates, the lag time of the system was determined to be roughly 
70˚C for 5 CPM and 150˚C for 30 and 50 CPM. All recorded DSC curves were adjusted 
for the weight difference of the samples used by superimposing each one of them at the 
starting point of 70˚C and 150˚C respectively.  
The experimental isothermal data was analyzed within the framework of the 
Johnson-Mehl-Avrami-Komolgorov (JMAK) model, the isothermal baseline being 
established as dJ/dt = 0.  
 50 
 
Table 3-2: Calorimetric runs performed at Ti-15Mo-(0.12-2) O β solution treated alloys. 
 
Alloy Heating 
rate 
Isothermal temperature 
Time at 
isothermal 
temperature 
Cooling rate 
from 
isothermal 
temperature 
200˚C 250˚C 300˚C 350˚C 400˚C 450˚C 500˚C 550˚C 600˚C   
Ti-
15Mo-
0.12O 
5˚C/ min X X X X X X X X X 
4 hours/ 
12 hours 15˚C/min 
50˚C/ min - X X X X X X X X 
Ti-
15Mo-
0.15O 
5˚C/ min X X X X X X X X - 
4 hours/ 
12 hours 15˚C/min 
50˚C/ min - X X X X X X X - 
Ti-
15Mo-
0.35O 
5˚C/ min X X X X X X X X - 
4 hours/ 
12 hours 15˚C/min 
50˚C/ min - X X X X X X X - 
Ti-
15Mo-
0.5O 
5˚C/ min X X X X X X X X - 
4 hours/ 
12 hours 15˚C/min 
50˚C/ min - X X X X X X X - 
Ti-
15Mo-
2O 
1˚C/ min X X X X X X X X - 
12 hours Furnace 
cooled 5˚C/ min X X X X X X X X - 
50˚C/ min - X X X X X X X - 
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Figure 3-5: Isochronal calorimetric run of Ti-15Mo-0.5O, β solutionized at 927˚C for 1 
hours followed by water quenching and baseline run of Ti-15Mo-0.5O, aged at 550˚C 
for 512 hours followed by water quenching. 
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3.5. X-Ray Diffraction 
Polycrystalline x-ray diffraction measurements were performed with a Scintag 
XDS-2000 θ- 2θ diffractometer operated at 40 kV and 30 mA. This system was 
equipped with a Li doped Si Mostek® detector and utilized CuKα radiation (.=1.54056 
Å). Data collection and processing were controlled through the Data Management 
Software for Windows NT (DMSNT) software program Version 1.37 which allowed 
linear background removal, Kα2 stripping and Pearson VII peak fitting [2]. Based on the 
Carine simulations, two standalone peaks were used to determine the ω particle size. 
These peaks were at 51.14˚, hkl of (2-11), and 79.55˚, hkl of (301), 2θ and did not 
overlap with other peaks Scans from 50.5-53.5˚ and 78-81˚ 2θ were carried out at a step 
size of 0.005˚ and a scan rate of 0.012˚/min. Following data acquisition, linear 
background subtraction and Kα2 removal, the integrated intensities for each diffraction 
line was calculated by the DMSNT software based on Pearson VII fitting, with the 2Θ 
values for each peak being based on the maximum of the Pearson VII fitting. These 
were subsequently compared to Carine® simulations to establish hkl values for the used 
reflections and crystal structures considered. After processing the data, an available 
DSMNT software subroutine as outlined below was used to determine the average ω 
particle size for each hkl reflection. The broadening of x-ray diffraction lines can occur 
for several reasons: instrumental effects, diffraction-order-independent (size) and 
diffraction-order dependent (strain) broadening [4, 5], Figure 3-6. The measured peak 
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profile h(s) can therefore be considered as the convolution of a function for the pure 
peak profile f(s) and a function for the instrumental broadening g(s): 
h(s) = g(s) * f(s)  (11) 
 
instrumental broadening g(s) can be treated as the wavelength distribution and 
geometrical aberrations characteristics of the used instrument. Equation 1 can 
furthermore be rewritten as a product of the Fourier transform for instrumental 
broadening F(g) and the pure peak profile F(f): 
F(h) = F(g) * F(f)  (12) 
 
 
The Warren-Averbach method involves obtaining F(g) from an analysis of a 
line-width standard, e.g., LaB6 which allowed F(f) to be found. A subsequent inverse 
Fourier transformation on F(f) was used to obtain f(s) , peak broadening associated with 
microstructural strain/ distortion. The result can be written as a Fourier series: 
f
s = 1 
A
L cos526	
8 − 89:; + <
: sin526	
8 − 89:;
?
@AB?
 
where A(L) and B(L) are the cosine and sine coefficient and L is the length of a 
column of unit cells perpendicular to the diffracting planes. A(L) is also called the size 
coefficient while B(L) is denoted as the distortion coefficient. A plot of the size 
coefficient, A(L), versus L was used to determine the are average crystallite size <D>, 
Figure 3-7, the intercept of the initial slope with the x-axis.   
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Figure 3-6: Composition of the measured diffraction profile [5]. 
 
 
 
 
 
Figure 3-7: Determining the average colum size <D> from the size coefficient plot, 
Particle size coefficient against L, the real distance along the columns of cells, and the 
intercept of the initial slope with the x-axis [5] 
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The data management software (DMSNT) Version 1.37 facilitated background 
removal and Pearson VII peak fitting for the LaB6 standard and the 51.14 and 79.55 2Θ 
standalone ω peaks. The add-on for crystalline size determination was used to determine 
the particle size from a single peak using the Warren-Averbach approach. In this study, 
measurement of the LaB6 standard was made over the range 70-82˚ and 45-65˚ 2 Θ 
Once combined with the corresponding ω peak run 50-53 and 78-81˚ 2 Θ, the particle 
sizes were determined in nm. 
 
 
 
3.6. Single Crystal X-Ray Diffraction 
 
A Rigaku AFC8 diffractometer equipped with a Mercury CCD area detector, 
Figure 3-8 E, and Mo Kα (.=0.71073 Å) radiation generated from a graphite 
monochromatic tube, and a collimator to narrow the beam to 0.8 mm diameter was used 
in this study, Figure 3-8 . Single crystals smaller than 0.75 mm in size were placed on a 
tip of glass fiber using a fast drying epoxy and mounted on a three degrees of rotation, 
ω, χ and φ, goniometer. A Crystal Clear software package was used to operate the 
instrument, collect data and integrate the reflections [6], the crystal to detector distance 
being 27.1 mm for all experiments. Initial crystal screening was performed using 8 
scans where ω was varied (8, 16, 24, 32, 40, 48, 56 and 64˚) while χ and φ remained 
fixed at 0˚. A 5 second exposure time was used for screening purposes. Following this a 
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preliminary reduced cell was obtained from these scans to ensure single crystalinity. If 
the crystal was suitable, a full data set consisting of 480 total images was collected, the 
exposure time for the full data scans being set to 3 seconds. For the first 360 images, ω 
was scanned from -90˚ to 90˚ in 0.5˚ increments while χ was held at 45˚ and φ held at 
0˚. The last 120 images were collected by scanning ω from -30 to 30˚, also in 0.5˚ steps 
while holding χ at 45˚ and φ at 90˚. After all data was collected it was integrated and a 
high resolution unit cell obtained, the integrated data being converted into a usable form 
using the Crystal Clear software. The resulting hkl intensity file was then transferred to 
the SHELXTL software package [7] for structure determination and refinement with 
heavy atoms, Mo and Ti, being located using direct methods, with subsequent Fourier 
peak refinements being used to locate oxygen atoms. For the latter their position was 
assigned by locating areas of electron density, using the DIAMOND software package 
[8]. 
3.7.Scanning Electron Microscopy 
A Hitachi 4800 field emission scanning electron microscopy (FESEM) and a 
FEI Quanta SEM operated under backscattering electron imaging (BSEI) conditions 
were used to examine the polished unetched specimens. Operating conditions for both 
SEM’s were 10-15 kV and a 4-10 mm working distance. 
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Figure 3-8: Mo-X-Ray source (A), Collimator, 0.8 mm diameter (B), Goniometer (C) 
with sample in rotatable sample holder (D) and CCD area detector (E). 
A
B
E 
C
D
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3.8. Optical Microscopy 
Optical microscopy utilized a Nikon Epiphot 300® optical microscope with 
samples etched using Kroll’s reagent (1.5 ml HF, 3 ml HNO3, bal. dist. H2O).  
 
3.9. Transmission Electron Microscopy 
Focused ion beam (FIB) milling, specifically the lift-out technique, was used to prepare 
site specific TEM samples [9-12]. Initially the specimen to be examined was 
metallograhically polished and mounted with Ag paint on the FIB holder, which was 
tilted to 20˚ from the horizontal for the initial milling operation. After deposition of a 
platinum line approximately 50 µm long near the area of interest, two large stair-step 
trenches were cut on both longitudinal sides of the platinum line with a FEI Helios 
NanoLab FIB at 30 kV and below 50 nA , the final TEM specimen lying benith the 
protectuive platinum layer. Subsequent to this trenching operation the sample was 
undercut and trenched on both transversal sites, so that only a small catwalk remained 
to hold the specimen in place, Figure 3-9. A tungsten needle was welded onto the 
platinum layer on one side, prior to the catwalks being removed, Figure 3-10. The lifted 
sample was 180 nm thick and 40 µm long, with the height differing due to the angeled 
undercut. Typically one side was 10 µm and the opposite being 17 µm, Figure 3-11. 
Finally thesample was mounted on a copper grit, Figure 3-12, again using a platinum 
deposit. The site away from the finger was subsequent thinned using 5 kV and below 50  
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Figure 3-9: Step trenched and undercut specimen with tungsten needle to get attached 
for lift out. 
Pt-layer 
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Figure 3-10: Trenched and undercut sample and sample lifted out attached to tungston 
needle 
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Figure 3-11: Geometry of removed FIB specimen, different height due to undercutting 
at an angle of 20˚. 
 62 
 
pA over a length of 10 µm in multiple steps alternating from each side, removing 
approximately 100 nm during each step, until a final thickness of 2-300 nm was 
achieved,the bulk of the sample being left thicker to stabilize the thin area and prevent it 
from bending, Figure 3-13. 
Ultimately after cutting and thinning, a Fishione Nano-mil® operated at 900 eV 
and low nA was used to remove the amorphous surface layer and any damage 
associated with the thinning process [7-11], with final observation utilizing a FEI 
Tecnai® G2 and CM 200 equipped with a double tilt stage and operated at 200-300 kV. 
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Figure 3-12: Attached FIB specimen on copper grit/ finger. 
 64 
 
 
Figure 3-13: FIB thinned area of a site specific prepared sample. 
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CHAPTER FOUR 
 
4. RESULTS  
4.1. α + β Processed Ti-15Mo-(0.15-0.5)O 
 
4.1.1 Hardness 
The hardness results are summarized in Table 4-1. Ti-15Mo-0.15O exhibited a 
hardness of 26.6 Hardness Rockwell C (HRC) in the α + β solution treated condition. 
With increasing oxygen content, the solution treated hardness increased to 33 HRC for 
both Ti-15Mo-0.35O and Ti-15Mo-0.5O. After 400˚C aging temperature, the hardness 
for Ti-15Mo-0.15O increased to approximately 47 HRC after 0.75 h, Figure 4-1, this 
plateau being maintained to 128 h aging. Overaging was observed at longer aging times. 
Increasing the aging temperature to 450°C had little influence on the maximum 
hardness attainable at this temperature relative to that achieved at 400°C. However the 
plateau hardness interval time was decreased to between 0.25 h and 8 h, overaging 
being observed at longer aging times. Indeed aging Ti-15Mo-0.15O at 500°C, resulted 
in a slight decrease in peak hardness to 44 HRC, this level being maintained for a short 
period of time between 0.25 and 0.5 h, hardness decreasing sharply at longer aging 
times, Figure 4-1 c. Finally at the highest aging temperature examined, 550°C, the 
hardness observed in Ti-15Mo-0.15O exhibited a hardness plateau of 34 HRC, from 
0.25 to 8 h after which overaging and a hardness decreased to 28.8 HRC was observed, 
Figure 4-1 d.  
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A rapid increase in hardness at short aging times, 0.75 h, to 47 HRC was 
observed for Ti-15Mo-0.35O aged at 400°C, Figure 4-2 a. This was followed by a 
further gradual increase to 49.1 HRC after aging for 4 h, this level being maintained 
until 256 h when overaging commenced. An increase in aging temperature to 450°C, 
Figure 4-2 b, resulted in a slight decrease in the maximum harness achievable in Ti-
15Mo-0.35O and a decrease in the aging time required to achieve this hardness level. 
Overaging was again observed after aging for times beyond 16 h. Further increases in 
aging temperature to 500 and 550°C resulted in the appearance of a maximum hardness 
at early aging times, 0.25 h, continued exposure resulting in a continuous decrease in 
hardness with increasing aging times.  
A similar hardness response was observed in Ti-15Mo-0.5O when compared to 
Ti-15Mo-0.35O, Figure 4-3, a rapid increase in hardness after aging at 400 and 450°C 
being followed by a more gradual increase to a plateau level. Overaging was not 
however observed at 400°C, while that observed at 450°C was more gradual than in Ti-
15Mo-0.35O. Continuous overaging was also observed after aging at 500 and 550°C, 
the rate of decrease in hardness being lower in Ti-15Mo-0.5O when compared to Ti-
15Mo-0.35O.  
The hardness response depending on oxygen content was visualized combining 
the isothermal hardness response for all oxygen contents at a fixed temperature into a 
single representation, Figure 4-4. The hardness response of Ti-15Mo-0.35O and Ti-
15Mo-0.5O was almost identical over the investigated temperature range. Ti-15Mo-  
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Table 4-1: Influence of aging time and temperature on the hardness of Ti-15Mo-(0.15-
0.5)O 
 
Ti-15Mo-0.15O 
 
Temperature Time (hrs) ST 0.03 0.25 0.5 0.75 1.75 3.75 7.75 16 32 64 128 256 512 
400˚C 26.6 41.6 44.5 46.9 45.3 46.3 47.3 47 47.3 48.1 47.2 47 45 44.3 
450˚C 26.6 - 46.6 45.6 45.9 46.3 45.6 45.6 44.2 43.4 41.5 41.2 37.2 34.5 
500˚C 26.6 - 42.4 43.4 40.6 39.8 38.8 36.7 35.8 34.6 33.8 31.6 31.4 30.5 
550˚C 26.6 - 33.4 34.3 33.4 33.5 33.8 34.7 30.9 30.1 28.8 - - - 
 
Ti-15Mo-0.35O 
 
Temperature Time (hrs) ST 0.03 0.25 0.5 0.75 1.75 3.75 7.75 16 32 64 128 256 512 
400˚C 33.2 42.7 45.2 46.2 47.1 47.8 48.8 48.9 48.6 48.6 49.8 49.2 45.2 47.8 
450˚C 33.2 - 47.8 48.1 46.9 48 48 47.8 47.9 46.8 45.6 43.5 40.9 40.5 
500˚C 33.2 - 45.5 44.4 44 42.8 42 39 39.7 40.8 39.4 38.7 38.3 37 
550˚C 33.2 - 39.4 39.8 38.9 38.8 38.5 38.1 36.9 36.9 36.3 - - -
 
 
Ti-15Mo-0.5O 
 
Temperature Time (hrs) ST 0.03 0.25 0.5 0.75 1.75 3.75 7.75 16 32 64 128 256 512 
400˚C 32.8 41.9 46.3 47 46.1 47.8 47.9 48.6 49.2 49.4 49.3 49.4 48.3 48.8 
450˚C 32.8 - 47.9 48 46.9 47.2 47 47.2 47.4 46.5 45.9 45.6 43.1 43.1 
500˚C 32.8 - 44.6 44.4 42.3 42.5 41.2 41.8 41 41.6 41 41.7 40.5 39.6 
550˚C 32.8 - 39.4 39.9 37.8 38.5 39 39 38.3 38.5 36.2 - - -
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(a) (b) 
 (c) (d) 
 
 
Figure 4-1: Influence of aging time and temperature on hardness on aged Ti-15Mo-
0.15O: (a) at 400˚C aging temperature; (b) at 450˚C aging temperature; (c) at 500˚C 
aging temperature; (d) at 550˚C aging temperature; ST is the solution treated condition. 
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 (a)  (b) 
 (c)  (d) 
 
 
Figure 4-2: Influence of aging time and temperature on hardness on aged Ti-15Mo-
0.35O: (a) at 400˚C aging temperature; (b) at 450˚C aging temperature; (c) at 500˚C 
aging temperature; (d) at 550˚C aging temperature; ST is the solution treated condition. 
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 (a)  (b) 
 (c)  (d) 
 
 
Figure 4-3: Influence of aging time and temperature on hardness on aged Ti-15Mo-
0.5O: (a) at 400˚C aging temperature; (b) at 450˚C aging temperature; (c) at 500˚C 
aging temperature; (d) at 550˚C aging temperature; ST is the solution treated condition. 
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(a) 
 
 
 (b) 
 
Figure 4-4: Isothermal plots of the dependence of hardness upon time and oxygen 
content for Ti-15Mo-0.15O,Ti-15Mo-0.35O and Ti-15Mo-0.5O at 400°C (a), 450°C 
(b), 500°C (c) and 550°C (d). 
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(c) 
 
 
  
(d) 
Figure 4-4: continued 
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0.15O exhibited a lower overall hardness, when compared to the higher oxygen 
containing alloys and faster aging kinetics which resulted in earlier overaging. The 
difference in overaging response between the low oxygen alloy and both higher oxygen 
containing alloys were more pronounced with increasing aging temperature. 
4.1.2 X-Ray Diffraction (XRD) 
Figure 4-5 illustrates a typical x-ray diffraction pattern for the 2Θ range between 
35 and 90˚ 2Θ for Ti-15Mo-0.15O, the two peaks used for the ω size measurements 
being defined with Table 4-2 listing the complete spectrum analysis.  
4.1.3 ω Size 
Aging Ti-15Mo-0.15O at 400°C initially increased (2-11)/(301) ω size 5.8/8.6 
nm to 13/15 nm following which no further ω size increase was observed until 16/64 h 
aging times were exceeded when the ω size again increased. Finally, at the longest 
aging times examined, no (2-11) ω peaks were observed, Figure 4-6 a and d. A similar 
behavior was observed after aging at 450°C, (2-11)/ (301) ω sizes stabilizing at 
approximately 17.5/22.5 nm. The ω size increased from below the detectable limit to 15 
nm after 0.75 hours at 450°C or 22.5 nm after 4 hours for the (301) ω respectively, 
Figure 4-6 b and e. These remained constant at approximately 15 nm/ 22.5 nm until 32 
hours. At 64 hours, a maximum of 35 nm was observed for the (2-11) ω peak followed 
by a steady decline to 15 nm at 512 hours, Figure 4-6 b. No peak was visible for the 
(301) ω peak, a decline was also observed after 32 hours, Figure 4-6 e. The average ω 
size increased at 500°C up to 28 nm to 8 hours, after when the size declined below the 
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detectable minimum, Figure 4-6 c. The (301) ω peak exhibited a similar increase up to 
34.5 nm and 16 hours followed by a decline in size below the detectable minimum at 32 
hours, Figure 4-6 f.  
For Ti-15Mo-0.35O, the ω size increased continuously from below the detection 
minimum to 34/35 nm at 512 hours at 400°C for both ω peaks, Figure 4-7 a and d. This 
increase was gradually rising from below the detection minimum to 14 nm after 8 hours 
and 17/19 nm at 256 hours. A further increase to 34/35 nm after 512 hours aging was 
much more pronounced than that observed during the early aging times. At 450°C, the 
ω size evolution exhibit a maximum of 35 nm after 16 hours for the (2-11) ω peak, the 
initial value detected being 8.6 nm after 0.25 hours decreasing after the aforementioned 
maximum to 20.3 nm after 512 hours, Figure 4-7 b. In contrast, the (301) ω size 
exhibited a constant value at, approximately 19 nm up to 128 hours, increasing after 256 
hours to 35 nm. Finally at the highest temperature investigated, 500°C, and an initial 
maximum value 18.3 / 23 nm after 0.25 hours was observed, after which the (2-11) ω 
size decreased until it could no longer be detected after 3.75 hours, Figure 4-7 c. In 
contrast, the (301) ω size measured maintained a constant size until 8 hours, thereafter 
decreasing below the detectable minimum, Figure 4-7 f.  
The (2-11) ω size was constant at 9 nm between 0.03 and 0.75 hours during 
initially aging of Ti-15Mo-0.5O at 400°C, the size then increasing to 15 nm at 1.75 
hours where it remained until 64 hours, after which it increased further to 28 nm at 128 
hours before decreasing below the detection minimum at 512 hours, Figure 4-8 a.  
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Table 4-2: X-ray spectrum analysis of Ti-15Mo-xO at room temperature, 2θ is the 
observed value, 2θth is the computed value. 
2θobs. 2θth Phase (hkl) 
35.3 35.64 α (100) 
38.48 38.55 α (002) 
 39.13* ω (101) 
39.2 39.98 β (110) 
40.3 40.69 α (101) 
51.14 51.25 ω (2-11) 
53.1 53.51 α (102) 
56.13 56.31 β (200) 
56.6 56.55 ω (201) 
63.1 64.01 α (2-10) 
70.5 70.60 β (211) 
70.75 70.91 ω (3-11) 
70.97 71.20 α (103) 
76.29 76.21 α (200) 
77.47 77.28 α (2-12) 
79.6 79.49 ω (301) 
83.7 83.72 β (220) 
83.9 84.13 ω (202) 
 
*peak beneath the (110) β peak 
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Figure 4-5: Diffraction pattern trace for Ti-15Mo-0.15O aged for 15 minutes at 400˚C 
from 34 to 90˚ 2Θ, using Cu radiation. 
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Figure 4-6: Average ω size for Ti-15Mo-0.15O plotted versus aging time at 400°C (a), 
450°C (b) and 500°C (c) for (2-11) and at 400°C (d), 450°C (e) and 500°C (f) for (301). 
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Figure 4-7: Average ω size for Ti-15Mo-0.35O plotted versus aging time at 400°C (a), 
450°C (b) and 500°C (c) for (2-11) and at 400°C (d), 450°C (e) and 500°C (f) for (301). 
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Figure 4-8: Average ω size for Ti-15Mo-0.5O plotted versus aging time at 400°C (a), 
450°C (b) and 500°C (c) for (2-11) and at 400°C (d), 450°C (e) and 500°C (f) for (301). 
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Similarly, the (301) ω size was 9 nm at 0.03 hours, increasing slightly to 13.5 nm at 16 
hours before increasing to a maximum at 256 hours, Figure 4-8 d. The (2-11) ω size 
following aging at 450°C initially increased slightly when compared with the 400˚C 15 
nm between 0.25 and 3.75 hours where upon it increased to a maximum of 25 nm at 16 
hours before the size decreasing below the detection minimum after 256 hours, Figure 
4-8 b. A plateau at 15 nm for up to 0.75 hours was also visible for the (301) ω peak of 
Ti-15Mo-0.5O aged at 450˚C, further aging resulting in ω size increasing to a maximum 
of 33 nm at 256 hours, Figure 4-8 e. Finally, a similar ω size plateau between 0.25 and 
7.75 hours was observed after aging at 500°C between 18/20 nm and 16.5/25 nm before 
the ω size declined below the detection minimum again at 16 hours, Figure 4-8 c and f.  
  
4.1.4 Calorimetry 
Figure 4-9 summarizing the isochronal DSC observations within the temperature 
range between 400 and 550°C, the heat flow (J) being plotted versus aging time and 
temperature. The solid lines are the uncorrected isochronal DSC results, the dashed line 
below being the DSC baseline, as determined from Ti-15Mo-(0.15-0.5)O samples aged 
for 512 hours at 550°C. All the observed results overlapped and followed the same 
trends, this observation confirming the uniformity and reproducibility of the aging 
results. At the highest isochronal temperature, a simple peak was observed. This peak 
being at lower temperatures partially resolved, e.g. at 400˚C, no peak, only an increase  
 83 
 
4 6 8 10 12 14 16 18 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Ti-15Mo-0.15O-550C-512h,WQ
Time [Min]
Ex
ot
he
rm
ic
H
ea
t F
lo
w
 
[uV
/m
g]
En
do
th
e
rm
ic 550oC
500oC
450oC
400oC
Temperture
-500
-400
-300
-200
-100
0
100
200
300
400
500
600
Te
m
pe
ra
tu
re
 
[°C
]
 
4 6 8 10 12 14 16 18 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Ti-15Mo-0.35O-550°C-512h,WQ
Time [Min]
Ex
ot
he
rm
ic
H
ea
t F
lo
w
 
[uV
/m
g]
En
do
th
e
rm
ic
550oC
500oC
450oC
400oC
Temperature
-500
-400
-300
-200
-100
0
100
200
300
400
500
600
Te
m
pe
ra
tu
re
 
[°C
]
 
4 6 8 10 12 14 16 18 20
0.0
0.2
0.4
0.6
0.8
1.0
1.2
Ti-15Mo-0.5O-550°C-512h,WQ
Time [Min]
Ex
ot
he
rm
ic
H
ea
t F
lo
w
 
[uV
/m
g]
En
do
th
e
rm
ic
550oC
500oC
450oC
400oC
Temperature
-500
-400
-300
-200
-100
0
100
200
300
400
500
600
Te
m
pe
ra
tu
re
 
[°C
]
 
 
Figure 4-9: Compilation of isochronal DSC results for α + β processed Ti-15Mo-(0.15-
0.5)O at a heating rate of 30 CPM for temperatures in the range of 400 to 550°C. 
 
(a) 
(b) 
(c) 
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in heat flow, could be observed, Figure 4-9. Increasing oxygen content resulted in an 
increase in the maximum peak temperature from 430˚C for Ti-15Mo-0.15O, increasing 
to 445˚C for Ti-15Mo-0.35O and reaching 469˚C for Ti-15Mo-0.5O, Figure 4-9 a-c. 
This shift in temperature was accompanied by a decline in peak intensity.  
Further analysis of the baseline corrected isochronal thermal analysis 
observations during continuous heating of α+β- processed Ti-15Mo-(0.15-0.5)O are 
shown in Figures 4-10 – 4-12. 
Three reactions were observed for To-15Mo-0.15O and Ti-15MO-0.35O while 
Ti-15Mo-0.5O displayed 4 reactions, each being defined by a local maximum in J. The 
first derivative of the heat flow J, J’, exhibited, that each reaction peak observed in J 
was based on multiple reactions, based on multiple local minima in J’. J’ also showed 
that the observed reactions were overlapping with each other. Table 4-5 summarizes the 
observed reaction temperatures. Increasing oxygen content lead to a decrease in the 
observed reaction temperature, R4 was only being observed at the highest oxygen 
content examined. For example, the initial reaction R1 being observed in all three alloys 
at approximately 150°C. The same observation can be made for the second reaction, R2, 
at approximately 309°C as well as for R3 at approximately 400°C. The fourth reaction 
observed, R4, is only present in Ti-15Mo-0.5O at 460°C.  
The isothermal analysis results are presented in Figures 4-13 through 4-15, the 
heat flow during isothermal aging being plotted versus time. The isothermal results 
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could be divided into three temperature regions for Ti-15Mo-0.15O, a low temperature 
regime ≤400°C, an intermediate temperature regime ≤500°C and a high temperature 
regime >500°C. Two peaks, P1 and P2, were observed at 400˚C, Figure 4-13 a, the 
transformation causing P2 was not finished during the investigated time frame. At 
intermediate temperatures, three separate peaks were observed, while at the highest 
temperature only one peak was recorded. Increasing Oxygen content, Ti-15Mo-0.35O, 
resulted in appearance of two peaks ≤ 450˚C, Figure 4-14 a and b. Three peaks were 
observed at 500˚C while only one peak was observed at 550°C, Figure 4-14 c and d. 
Finally, isothermal analysis of Ti-15Mo-0.5O exhibited two peaks ≤ 500˚C, with only 
one isothermal peak being found during exposure at 550˚C, Figure 4-15 a-d.  
 86 
 
5 10 15 20
-0.2
0.0
0.2
0.4
0.6
R3
R2
Time [Min]
Temperature
Ex
ot
he
rm
ic
H
e
at
 
Fl
o
w
 
[uV
/m
g]
En
do
th
e
rm
ic
R1
-500
-400
-300
-200
-100
0
100
200
300
400
500
J'
J
309°C
397°C
Te
m
pe
ra
tu
re
 
[°C
]150°C
 
Figure 4-10: Baseline corrected isochronal DSC results α + β solution heat treated Ti-
15Mo-0.15O. 
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Figure 4-11: Baseline corrected isochronal DSC results α + β solution heat treated Ti-
15Mo-0.35O 
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Figure 4-12: Baseline corrected isochronal DSC results α + β solution heat treated Ti-
15Mo-0.5O.
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Table 4-3: Peak temperature for the occurring phase transformations during the 30°C 
per minute heat up of α+β processed Ti-15Mo-(0.15-0.5)O alloys to 550°C 
Ti-15Mo-0.15O: 
Observed Reactions 
Observed Peak 
Temperature 
R1 150˚C 
R2 309˚C 
R3 397˚C 
Ti-15Mo-0.35O: 
Observed Reactions 
Observed Peak 
Temperature 
R1 152˚C 
R2 307˚C 
R3 410˚C 
Ti-15Mo-0.5O: 
Observed Reactions 
Observed Peak 
Temperature 
R1 152˚C 
R2 308˚C 
R3 391˚C 
R4 460˚C 
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Figure 4-13: Thermal response of Ti-15Mo-0.15O aged at 400°C (a), 450°C (b), 500°C 
(c) and 550°C (d). 
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Figure 4-14: Thermal response of Ti-15Mo-0.15O aged at 400°C (a), 450°C (b), 500°C 
(c) and 550°C (d). 
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Figure 4-15: Thermal response of Ti-15Mo-0.5O aged at 400°C (a), 450°C (b), 500°C 
(c) and 550°C (d).
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4.2. β Solution Heat Treated Ti-15Mo-(0.12-2)O  
 
4.2.1 Calorimetry 
The results of the thermal analysis during continuous heating of β- solution heat 
treated Ti-15Mo-(0.12-2)O are presented in Figures 4-16 through 4-31. Three different 
heating rates were applied for the isochronal experiments, 1°C per minute (1CPM), 5°C 
per minute (5CPM) and 50°C per minute (50CPM), the isochronal results including 
their baseline plotted for the respective heating rates being included. Further analysis of 
the baseline corrected isochronal heat flow curves, J, and their first derivative J’ were 
used to define the transformation start, peak and finish temperature, for each reaction 
observed, then being summarized for each oxygen content, Tables 4-4 through 4-8. 
 Ti-15Mo-0.12O exhibited one peak during isochronal heat up at 5 CPM at 
approximately 350˚C with a extending shoulder at 420˚C in the uncorrected heat flow 
curve, Figure 4-16 a, only the peak formed at 420°C with a maximum at 420°C being 
observed at 50CPM, Figure 4-16 b. The corrected isochronal heat flow J exhibited two 
distinct peaks having maxima at approximately 210 and 341˚C, a third peak being 
visible as a shoulder at 411˚C, Table 4-4. At 50 CPM, the single peak observed had a 
maximum at approximately 443˚C, Figure 4-17 and 4-18, Table 4-4.  
Ti-15Mo-0.15O exhibited also a single peak with a shoulder at higher 
temperatures in the uncorrected heat flow curves, Figure 4-19. At 5 CPM, the peak 
maximum temperature remains at approximately 350˚C and for the shoulder at 420˚C, 
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with increasing the heating rate to 50CPM, increased similarly the maximum peak 
temperature to 475˚C. Following background correction, three peaks were observed, 
Figure 4-20. The first at 200˚C was similar to that observed in Ti-15Mo-0.12O, Figure 
4-20, Table 4-5. The second peak had a maximum at 364˚C and the third, still a 
shoulder to the second, becoming more pronounced with a maximum at 426˚C, Figure 
4-20. Finally heating at 50CPM resulted in the development of a single having a 
maximum at 450˚C, Figure 4-21. 
Ti-15Mo-0.35O and Ti-15Mo-0.5O follow the same trends as the lower oxygen 
alloys, Figures 4-22 and 4-25, with the maximum at 350˚C at 5CPM. They also exhibit 
a single peak at approximately 475˚C at 50 CPM, Figures 4-23 and 4-26 as well as 
Tables 4-6 and 4-7. The second shoulder peak observed at the lower 5CPM heating rate, 
appears to be more widely separated from the main peak for Ti-15Mo-0.35O, peak 
maxima at approximately 442˚C. For Ti-15Mo-0.5 shifts the latter again to lower 
temperatures and becomes a shoulder again. At 50CPM, both alloys exhibited a single 
peak having a maximum at 426˚C and 438˚C respectively, Figures 4-24 and 4-27.   
The highest investigated oxygen content, 2 wt%, was examined using 3 heating 
rates, the lowest 1 CPM, being intended to allow better peak separation. For example at 
1 CPM Ti-15Mo-2O exhibited 3 distinct peaks at 250˚C, 350˚C and 480˚C, one more 
than the other alloys, Figure 4-28 a. The same peaks at the same temperatures are 
visible at 5 CPM, Figure 4-28 b. In contrast only a single peak at 450˚C for Ti-15Mo-
2O heated at 50 CPM was observed, Figure 4-28 c. This peak was smaller and had a 
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less pronounced shape when compared with the peaks at lower oxygen concentrations. 
Figures 4-29 - 4-31 represent the corrected isochronal results suggesting that four, four, 
and two peaks were observed for the various heating rates, i.e. Ti-15Mo-2O heated at 1 
CPM exhibits four peaks at 214, 306, 413, and 471˚C, Figure 4-29, that heated at 
5CPM, had also four peaks. But the observed main peaks were split into two peaks as 
shown in Figure 4-30: R1.1 at 85°C, R 1.2 at 168°C, R 2.1 at 226°C, R2.2 at 269°C, 
R3.1 at 315°C, R3.2 at 350°C and R4 at 460°C, Table 4-8. At 50 CPM were two peaks, 
one more that at the lower Oxygen alloys, at 465°C and 523°C observed, Figure 4-31.  
Finally all the isochronal observations at 1 and 5 CPM are summarized in Figure 
4-32, increasing oxygen content resulted in an increase in the maximum peak area and 
height. Furthermore, an additional peak for Ti-15Mo-20 was observed (marked with 
arrow). The isothermal calorimetry results were presented in Figure 4-33 – 4-38 for 1 
and 5 CPM. All alloys exhibited a reaction peak at 550˚C isothermal aging within the 
first 30 minutes of aging time. With increasing oxygen content, the area and intensity of 
this peak first increased before it decreased for the highest oxygen concentration. All 
other isothermal aging temperatures exhibited a decreasing or flat isothermal response. 
Similarly the isochronal runs at 50 CPM with increasing oxygen are summarized 
in Figure 4-39. The single peak observed during heating is shifted to higher temperature 
with increasing oxygen, above 450˚C for up to 0.5 wt% O. At 2 wt% O, the peak 
maximum decreased to 400˚C. The area and intensity of the peak also decreased for Ti-
15Mo-2O when compared with the other alloys.  
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It is important to note at this junction of the thesis, that the results of the 
50CPM are in need of further investigation due to the effect of system lag time of 
the used DSC associated with the sample weight as well as the furnace thermal 
load and will not be analyzed in the discussion. 
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Figure 4-16: Uncorrected isochronal DSC results for β solution heat treated Ti-15Mo-
0.12O at a heating rate of 5 and 50 CPM for temperatures in the range of 200 to 550°C.
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Figure 4-17: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.12O up to 550˚C with a scan rate of 5˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J. 
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Figure 4-18: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.12O up to 550˚C with a scan rate of 50˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J.
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Table 4-4: Peak temperature for the occurring phase transformations during the 5 and 
50°C per minute heat up of Ti-15Mo-0.12O alloy.  
Reaction TPeak 
 
5˚CPM  
R1 211°C 
R2 341°C 
R3 411°C 
50°CPM  
R 443°C 
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Figure 4-19: Uncorrected isochronal DSC results for β solution heat treated Ti-15Mo-
0.15O at a heating rate of (a) 5 and (b) 50 CPM for temperatures in the range of 200 to 
550°C.
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Figure 4-20: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.15O up to 550˚C with a scan rate of 5˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J. 
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Figure 4-21: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.15O up to 550˚C with a scan rate of 50˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J.
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Table 4-5: Peak temperature for the occurring phase transformations during the 5 and 
50°C per minute heat up of Ti-15Mo-0.15O alloy 
Reaction TPeak 
 
5˚CPM  
R1 203°C 
R2 364°C 
R3 430°C 
50°CPM  
R 426˚C 
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Figure 4-22: Uncorrected isochronal DSC results for β solution heat treated Ti-15Mo-
0.35O at a heating rate of 5 and 50 CPM for temperatures in the range of 200 to 550°C.
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Figure 4-23: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.35O up to 550˚C with a scan rate of 5˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J. 
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Figure 4-24: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.35O up to 550˚C with a scan rate of 50˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J.
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Table 4-6: Peak temperature for the occurring phase transformations during the 5 and 
50°C per minute heat up of Ti-15Mo-0.35O alloy.  
Reaction TPeak 
5˚CPM  
R1 211°C 
R2 341°C 
R3 442°C 
50°CPM  
R 442°C 
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Figure 4-25: Uncorrected isochronal DSC results for β solution heat treated Ti-15Mo-
0.5O at a heating rate of 5 and 50 CPM for temperatures in the range of 200 to 550°C.
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Figure 4-26: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.5O up to 550˚C with a scan rate of 5˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J. 
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Figure 4-27: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-
0.5O up to 550˚C with a scan rate of 50˚C per minute with baseline subtracted; dotted 
line below is the first derivative of J.
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Table 4-7: Peak temperature for the occurring phase transformations during the 5 and 
50°C per minute heat up of Ti-15Mo-0.5O alloy. 
Reaction TPeak 
5˚CPM  
R1.1 157°C 
R1.2 216°C 
R2 338°C 
R3 416°C 
50°CPM  
R 438°C 
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Figure 4-28: Uncorrected isochronal DSC results for β solution heat treated Ti-15Mo-
2O at a heating rate of 1 (a), 5 (b) and 50 CPM (c) for temperatures in the range of 200 
to 550°C. 
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Figure 4-28: continued 
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Figure 4-29: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-2O 
up to 550˚C with a scan rate of 1˚C per minute with baseline subtracted; dotted line 
below is the first derivative of J. 
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Figure 4-30: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-2O 
up to 550˚C with a scan rate of 5˚C per minute with baseline subtracted; dotted line 
below is the first derivative of J. 
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Figure 4-31: Corrected Heat Flow (J): dQ/dt vs time plot for solutionized Ti-15Mo-2O 
up to 550˚C with a scan rate of 50˚C per minute with baseline subtracted; dotted line 
below is the first derivative of J. 
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Table 4-8: Peak temperature for the occurring phase transformations during the 5 and 
50°C per minute heat up of Ti-15Mo-2O alloy. 
 
 
Reaction TPeak 
Ti-15Mo-20-1CPM  
R1 214C 
R2 306°C 
R3 413°C 
R4 471°C 
Ti-15Mo-20-5°CPM  
R1.1 85°C 
R1.2 168°C 
R2.1 226°C 
R2.2 269°C 
R3.1 315°C 
R3.2 350°C 
R4 460°C 
50˚CPM  
R1 465°C 
R2 523°C 
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Figure 4-32: DSC compilation for Ti-15Mo-O using a heating rate of 1 and 5 CPM for 
temperatures in the range of 200 to 550°C. 
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Figure 4-33: Overview of the isothermal response of Ti-15Mo-0.12O isothermally aged 
at 250°C -400°C (a) and at 400°C - 550°C (b) at 5CPM. 
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Figure 4-34: Overview of the isothermal response of Ti-15Mo-0.15O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 5CPM. 
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Figure 4-35: Overview of the isothermal response of Ti-15Mo-0.35O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 5CPM. 
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Figure 4-36: Overview of the isothermal response of Ti-15Mo-0.5O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 5CPM. 
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Figure 4-37: Overview of the isothermal response of Ti-15Mo-2O isothermally aged at 
250°C - 400°C (a) and at 400°C - 550°C (b) at 1CPM. 
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Figure 4-38: Overview of the isothermal response of Ti-15Mo-0.5O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 5CPM.
 126 
 
4 6 8 10 12
-2.8
-2.6
-2.4
-2.2
-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
H
ea
t F
lo
w
 
[uV
/m
g]
Time [Min]
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
450°C
Baseline
550°C
500°C
400°C
350°C
300°C
200°C
Te
m
pe
ra
tu
re
 
[°C
]
Temperature
250°C
Ex
o
th
er
m
ic
En
do
th
er
m
ic
2 4 6 8 10 12
-2.8
-2.6
-2.4
-2.2
-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
Baseline
550°C500°C
450°C
400°C
350°C
300°C
250°CH
e
at
 
Fl
o
w
 
[uV
/m
g]
Time [Min]
Temperature
200°C
Ex
o
th
e
rm
ic
En
do
th
e
rm
ic
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
Te
m
pe
ra
tu
re
 
[°C
]
 
 a) 0.12O b) 0.15O 
4 6 8 10 12
-3.0
-2.8
-2.6
-2.4
-2.2
-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
Baseline
550°C
500°C
450°C
400°C
350°C
300°C
H
ea
t F
lo
w
 
[uV
/m
g]
Time [Min]
Temperature
250°C
Ex
o
th
er
m
ic
En
do
th
er
m
ic
-400
-350
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
Te
m
pe
ra
tu
re
 
[°C
]
6 7 8 9 10 11 12 13
-2.8
-2.6
-2.4
-2.2
-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
Baseline
550°C
500°C
450°C
400°C
350°C
300°C
H
ea
t F
lo
w
 
[uV
/m
g]
Time [Min]
250°C
Temperature
Ex
o
th
e
rm
ic
En
do
th
e
rm
ic
-400
-350
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
Te
m
pe
ra
tu
re
 
[°C
]
 
 
 c) 0.35O d) 0.5O 
4 6 8 10 12
-2.6
-2.4
-2.2
-2.0
-1.8
-1.6
-1.4
-1.2
-1.0
-0.8
-0.6
-0.4
H
ea
t F
lo
w
 
[uV
/m
g]
Time [Min]
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
300
350
400
450
500
550
Baseline
550°C
500°C
450°C
400°C
350°C
300°C
Te
m
pe
ra
tu
re
 
[°C
]
250°C
Temperature
Ex
o
th
er
m
ic
En
do
th
er
m
ic
 
e) 2O 
 
Figure 4-39: DSC compilation for Ti-15Mo-O using a heating rate of 50 CPM for 
temperatures in the range of 200 to 550°C. 
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Figure 4-40: Overview of the isothermal response of Ti-15Mo-0.12O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 50CPM. 
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Figure 4-41: Overview of the isothermal response of Ti-15Mo-0.15O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 50CPM. 
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Figure 4-42: Overview of the isothermal response of Ti-15Mo-0.35O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 50CPM. 
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Figure 4-43: Overview of the isothermal response of Ti-15Mo-0.5O isothermally aged 
at 250°C - 400°C (a) and at 400°C - 550°C (b) at 50CPM. 
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Figure 4-44: Overview of the isothermal response of Ti-15Mo-2O isothermally aged at 
250°C - 400°C (a) and at 400°C - 550°C (b) at 50CPM.
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4.3. Single Crystals 
Figure 4-45 illustrates the two dimensional diffractions pattern for Ti-15Mo-
0.15/ 0.5/ 1O single crystals recorded along the x-axis obtained in this investigation. All 
specimens showed single diffraction spots, Figure 4-45 a-c, the crystals being oriented 
such that the surface normals were within 2 or 3 degrees of [100]. Additionally, the 
positions of oxygen atoms were allocated by locating areas of residual electron density, 
using the DIAMOND software package [1-3]. First were the positions of the Ti and Mo 
atoms were assigned, assuming 8 atomic percent (at%) Mo atoms in the 0.5, 0.5, 0.5 
location and Ti (balanced) atoms occupying the other bcc lattice positions (0, 0, 0). The 
results for the residual electron density after subtracting the assigned Ti and Mo 
intensities are shown in Table 4-9. The not associated residual electron densities 
observed are Q1 and Q2. The Q1 residual electron density is associated with the 0.5, 
0.25, 0.0 lattice site. This indicates that the oxygen atoms prefer the tetrahedral 
interstitial site in bcc crystals location. The remaining residual electron density, Q2, was 
associated with the 0.18, 0.0, 0.18 lattice sites and was associated with thermal motion 
of the Ti and Mo atoms at room temperature. The Mercury software package [4] 
provides a visualization of the aforementioned single crystal results from Figure 4-46 
after processing, Table 4-3, as can be seen in Figure 4-47 a and b, where the solid atoms 
were Ti or Mo atoms and the white, smaller atoms, the interstitial oxygen atoms in their 
tetrahedral lattice position. 
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 (a) 
Figure 4-45: 2-dimensional diffraction pattern for the x-axis of Ti-15Mo-0.15O (a), Ti-
15Mo-0.5O (b) and Ti-15Mo-1O (c).
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(b) 
Figure 4-45: continued 
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(c) 
Figure 4-45: continued 
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Table 4-9: DIAMOND simulation results for Ti-15Mo-1O exhibiting the lattice location 
associated with the residual electron densities Q1 and Q2 based on the Fourier analysis.  
Atoms Atomic percent 
Location 
x y z 
Ti balanced 0.0000 0.0000 0.0000 
Mo 8at% 0.5000 0.5000 0.5000 
Residual Electron Density 
 
Location 
x y z 
Q1 0.0000 0.2500 0.5000 
Q2 0.1893 0.0000 0.1893 
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(a) 
Figure 4-46: Simulation of oxygen location in the tetrahedral interstitial sites of the bcc 
lattice, view of the [111] direction (a) and [111] orientation (b) 
8at% Mo 
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(b) 
Figure 4-46: continued 
8at% Mo 
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CHAPTER FIVE 
 
5. DISCUSSION 
5.1. ω Phase 
The ω phase transformation in bcc titanium alloys is considered to form either on 
quenching (athermal) or on aging (isothermal). The former is based on a displacive 
shuffle of atoms on the (111) planes along the <111> direction with a displacive wave 
amplitude of 1/3<112>, Figures 2-2 and 2-5, while the later forms during aging based 
on a nucleation and growth event [1]. The displacively formed particles are small, 10-15 
Ångstrom, and are visible in selected area diffraction patterns as diffuse streaking [2], 
while the chemically altered, larger, isothermal ω particles exhibit sharp diffraction 
spots [1]. 
However, De Fontaine, while summarizing the ω phase transformation in his 
1988 overview article, showed that there is no thermodynamic basis for separating these 
events [3]. He also pointed out that isothermal ω is based on the rejection of solute 
content, which would no longer allow a reversible transformation of these altered ω 
particles to the bcc parent phase. The focus of his model was on the displacive, ideal ω 
formation based on infinitely fast cooling from the single phase bcc field. During 
cooling, he proposed an ω start temperature, below which the ω phase would start to 
form. Due to the fast cooling, only ideal ω would form having coherency strains 
associated with the small coherent ω particles. Strain fields, either due to ω precipitates 
or point defects would also enhance local relative stability of the ω structure. 
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These conclusions were based on a previous investigation [2] where direct 
evidence for the reversibility of the initial displacively formed ω particles was presented 
using a cold stage equipped transmission electron microscope (TEM) conducting 
cooling and heating experiments in various Ti-Mo and Ti-Fe alloys. For example, in Ti-
15Mo, it was determined that the ω start temperature, when the first ω particles start to 
form on quenching, was approximately 500˚C. After fast cooling to room temperature, 
diffuse streaking in the selected area diffraction pattern (SAD) was present. Further ω 
formation was observed upon cooling below room temperature. SAD patterns recorded 
at -4˚C, -19˚C, and -171˚C showed a continuous increase in intensity of the diffuse 
streaking in the SAD pattern2. Reheating the alloy resulted in a gradual decrease in the 
intensity of the diffuse streaking ω reflections. Subsequent cooling and reheating cycles 
also showed the reproducibility of the reversibility of this transformation. This 
reversible character of the displacive formed ω phase was moreover proposed by Ho et 
al. [4] to explain the anomalous, temperature dependency of the electrical resistivity in 
Ti-Mo alloys. Similar results were obtained by Quan et al. [5] using Mossbauer and 
resistivity measurements coupled with XRD investigation for a Ti-9.62Fe alloy at 
subzero temperatures.  
Furthermore, De Fontaine [3] explained that the displacive β to ω transformation 
can proceed whenever the bulk free energy difference between these two states is 
                                                 
2
 This observation exhibited some parallels to the diffusionless martensitic 
transformation, martensite initially forming when the martensite start temperature is 
reached, increasing undercooling resulting in continuing platelet formation as the 
martensite finish temperature is approached. 
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negative and proposed that this decrease in free energy is both temperature and solute 
content dependent. The solute dependency was shown by Sukedai et al. [6] using in situ 
TEM studies on Ti-Mo alloys with a Mo content of 10, 15 and 20 wt%. In-situ cooling 
experiments utilizing dark field imaging techniques showed that an increasing number 
and size of ω particles will be observed with decreasing temperature as well as a 
decreasing amount and size with increasing solute content.  
All the aforementioned results were based on very thin, millimeter or less thick 
samples, which would follow De Fontaine’s infinitesimal fast cooling rates model and 
the formation of ideal ω. Boeckels et al. [7] have proposed that the ω phase formation 
can be impacted by the cooling rate from the single phase field in Ti-6.8Mo-4.5Fe-
1.5Al using a modified Jominy end-quench test. Only the first 2 mm of the end quench 
test were cooled with the fastest cooling rate, 526˚C/s after water quenching. The fastest 
and an intermediate cooling rate, 34˚C/s, where no α precipitation was observed in 
TEM, were used to investigate the effect of cooling rate on the ω structure. Their 
findings are summarized in Figure 5-1. When the alloy is quenched quickly from the 
single phase field, so that no chemical alteration due to short range diffusion (SRD) is 
permitted, only displacive, reversible ω can form, as projected by De Fontain’s model, 
and visible by the diffuse streaking in the SAD pattern in Figure 5-2(a). On the other 
hand, as the cooling rate is slowed so that the residence times at elevated temperatures 
are long enough to permit short range diffusion (SRD), the chemical composition of 
displacively formed ω particles will alter with increasing undercooling. This sequence 
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Figure 5-1: Schematic of the comparison between cooling rates from the single phase 
field, fast undercooling does not permit time for short range diffusion (SRD), but at 
slower cooling rates, SRD is permitted. 
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(a) 
 
(b) 
Figure 5-2: SAD pattern along the [110] zone axis of Ti-6.8Mo-4.5Fe-1.5Al, cooled at 
526˚C/s (water quenched) (a) and 34˚C/s (b).
 145 
 
will progress until a temperature is reached below which SRD is no longer permitted, 
the SRD finish temperature. Evidence for the change to chemically altered ω is 
presented in the SAD pattern, Figure 5-2 b, which consists of distinct diffraction spots, 
after intermediate cooling. Below the SRD finish temperature, ω particles can again 
only form displacively without altering their composition, which was in agreement with 
the model by De Fontaine.  
Interstitial additions are also expected to impact ω formation. For examples, 
Quan et al. [5] observed in their studies of Ti-9.62Fe, that less ω phase formed on sub-
cooling from room temperature when the oxygen content was increased from 0.1wt% to 
0.12wt%. Similar observations have been made by Paton and Williams [8] in Ti-V-O 
alloys, where the increase in oxygen from 0.02 to 0.18 wt.% in Ti-(17-19)wt.%V alloys 
suppressed the ω start temperature below room temperature. Moreover Kim et al. [9] 
suggested their observed decrease in Young’s modulus was due to a decrease in ω 
volume fraction, when they increased the oxygen content in Ti-26wt%Nb to 1.2wt%.  
The present investigation has shown clear evidence that the oxygen atoms 
preferably sit in the tetrahedral lattice sites in the bcc crystal using water quenched Ti-
15Mo single crystals with oxygen contents of 0.15, 0.5 and 1wt%, Figure 4-45 - 4-47. 
This location is expected to directly interfere with the collapse along the <111>β 
direction thereby suppressing the displacive, reversible ω formation, and decreasing its 
volume fraction with increasing oxygen content. 
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(a)
(b) 
Figure 5-3: TEM image of Ti-15Mo-2O after aged for 4 hours at 450˚C (a) heated at 
5CPM. The fine needles shape particles are α precipitations, marked with circles. α 
spots are marked in (b).
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The present study has however shown that the addition of 2wt% oxygen to Ti-
15Mo is ineffective in suppressing displacive, reversible ω formation, Figure 5-3 a. 
Comparison with studies of Ti-Nb-O and Ti-V-O system suggests that the potency of 
oxygen in suppressing the displacive ω formation is dependent upon the solute-
interstitial binding energy. Internal friction results show that in Ti-Nb-O [10] and Ti-V-
O [11], the bonding energy between titanium and oxygen atoms were stronger than that 
between the solute atoms and oxygen. The results of this investigation for the Ti-Mo-O 
system suggest that the bonding energy between Mo and O atoms exceeds that between 
Ti and O, assuming that Mo atoms reside within the titanium matrix in preferred sites 
within a supercell lattice, these sites be associated with local oxygen clustering. This 
would also lead to an oxygen fluctuation within the matrix. There will be areas in which 
the O clustered is clustered and is associated with the Mo and where reversible ω 
formation is suppressed. In other areas in which the O concentration is lower, either due 
to local depletion of Mo or a decreased O concentration, reversible ω formation will 
occur. Future high resolution TEM will be required to substantiate these suggestions. 
Finally continuous β phase decomposition during heating was investigated by 
Prima et al. [12-18] using resistivity and dilatometry combined with high resolution 
TEM and neutron diffraction techniques. Their investigation of the temperature 
dependency on the temperature coefficient of resistivity (TCR) in Ti-6.8Mo-4.5Al-
1.5Fe demonstrated the reversibility of reversible ω during heating. The displacive, 
reversible ω transformation to the parent bcc phase, occurred between 150 and 200˚C 
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[12, 14]. Further heating, using 2/3/5CPM resulted in coarsening of irreversible ω phase 
following a t2/3 law for the early stages of growth [16]. During further heating the 
irreversible ω coarsens and ultimately dissolves. The rates for these reactions depend 
upon the initial ω size and compositional distribution as established by their previous 
cooling history. These phenomena should be controlled by the solute atom diffusion 
[16]. Indeed, these findings were confirmed by Boeckels and Rack in Ti-6.8Mo-4.5Fe-
1.5Al using isochronal and isothermal DSC experiments combined with TEM 
techniques [19, 20]. At a heating rate of 5 CPM, the reversible ω transformation was 
detected by an initial change of slope between 122 and 225˚C in the heat flow curve, A1 
in Figure 5-4. A further increase in slope was associated with the coarsening of 
irreversible ω up to approximately 300˚C, A2 in Figure 5-4, the initial rise in the heat 
flow which resulted in a maximum at 350˚C was associated with secondary α 
precipitation occurring. Finally, above 350˚C ω dissolution observed combined with 
continued α phase formation and growth was observed. 
Corrected isochronal heating results for the β solution treated Ti-15Mo-(0.12-
2)O, Figures 4-16 through 4-31, indicate that multiple reactions are observed. Figure 5-
5 summarizes the influence of oxygen on the maximum reaction temperatures observed 
during the isochronal trials. The first observed reaction as defined by R1, solid symbols, 
is associated with the reverse transformation of ω to the bcc parent phase. The reaction 
temperature was approximately at 210˚C for the lower oxygen containing alloys, up to 
0.35wt% oxygen. A further increase in oxygen content to 0.5wt% resulted in a decrease 
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Figure 5-4: Baseline corrected isochronal heat flow of Ti-6.8Mo-4.5Fe-1.5Al heated at 
5CPM. 
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of R1 to 150°C. Additionally, another peak at 210°C was observed, marked by the 
unfilled symbol. The presence of these two peaks reinforces the prior suggestion that 
local variations in O content will cause local reversible ω suppression thereby resulting 
in a decrease in the reverse ω to bcc transformation. Oxygen depleted areas are expected 
still exhibit the same ω to bcc transition temperature as lower oxygen conditions, i.e. 
210°C, unfilled marker for Ti-15Mo-0.5O. Increasing the O concentration further would 
also be expected to increase the number of oxygen enriched areas and thereby to further 
decrease the ω to bcc transition temperature. This can be seen for Ti-15Mo-2O in Figure 
5-5. The R1 reaction, the solid marker, decreased to 90°C. R2 may be associated with 
the coarsening of the irreversible ω phase during heating. This reaction is not influenced 
by the oxygen content for up to 0.5wt%. At the highest oxygen content decreased the 
reaction peak temperature to 230°C, solid up triangle symbol in Figure 5-5. Oxygen can 
also effect the size and volume fraction of the irreversible ω in two ways, first by 
suppressing the formation of reversible ω, thereby decreasing the volume fraction of 
irreversible ω formed from reversible ω and secondly by suppressing the growth of the 
ω phase which would hinder coarsening. Similar observations were made by Qazi et al. 
[21-23] in Ti-35Nb-7Zr-5Ta-(0.06-0.68)O using TEM imaging techniques. R3 and R4 
being discussed in the α section.  
Figure 5-6 summarizes the reaction temperature results for the α + β processed 
Ti-15Mo-(0.15-0.5)O. Comparison with the observations for β processed material  
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Figure 5-5: Isochronal peak reaction temperature during isochronal heating of β 
processed Ti-15Mo-(0.12-2)O at 5CPM. 
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indicates that those shown in this figure are generally lower. In addition only a simple 
reversible to β transformation temperature has been observed, independent of O content. 
Further this reaction temperature is only weakly influenced by macroscopic O content. 
These results can be understood recognizing that during the α-β processing, at 732-
760°C, partitioning of O to the α phase occurs. Under equilibrium conditions, Pandat 
thermodynamic calculations confirm this partitioning, the O content in the α phase 
increasing to 0.91wt% at a macroscopic 0.15wt% O and to 2.4wt% at a macroscopic O 
content of 0.5wt%, the oxygen level in the β phase remaining between 0.13 and 
0.19wt%. The similar response of R2, this reaction being associated with coarsening of 
irreversible ω, also supports this suggestion. Further x-ray measurements of the ω 
particle size also indicated only a weak dependence on oxygen content, Figures 4-6 
through 4-8. The evolution of the irreversible ω particles size with low aging 
temperature can moreover be defined as shown in Figure 5-7 for in α + β processed Ti-
15Mo-(0.15-0.5)O. For early times at 400°C and 450°C the ω particle size increased 
independent of the oxygen content, region a. This reaction was also observed during 
isothermal thermal analysis. JMAK analysis of the latter, summarized in Appendix B, 
indicates that the Avramni coefficient, n, equals 1, which can be associated with three 
dimensional growth of the ellipsoidal ω particles [25]. 
After a certain ω size is reached, region b in Figure 5-8, no future growth was 
observed, a size plateau being reached. Langmayr et al. [26, 27] have previously 
observed a similar phenomena in small angel scattering x-ray studies of aging in Ti-
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18wt%Mo and Ti-32wt%Mo, Figure 5-8. Paris et al. [28] in their previous study of γ’ 
precipitation in γ Ni based alloys suggested that this behavior could be understood by 
correlating the anisotropic elastic strains within the matrix, the misfit strains and the 
elastic inhomogeneity associated with matrix incorporations (solute content). Utilizing 
the Eshelby approach [29] they suggest the presence of elastic strains surrounding the 
precipitated particles will result in a decrease in particle growth and coarsening. Further 
ramification will recognize measurement of these strains utilizing HRTEM. 
Langmayr et al. also suggested that the subsequent increase in ω size, regime c 
in Figure 5-8, observed at longer aging times occurs concurrent with the precipitation of 
α, the latter being to relieve the localized interfacial strains. Support for this provided by 
the HRSEM micrograph, Figure 5-9, where coarsened ω and fine α is observed in α + β 
processed Ti-15Mo-0.15O aged for 256 hours at 400°C. Further measurement of the ω 
and α volume fraction, Figure 5-7a, indicates that the proportion of ω decreases and that 
α increases at times beyond the plateau region (c) shown in Figure 5-7.Finally in region 
d dissolution of ω is predominant. This dissolution is however directional, that is 
dissolution in direction normal to (2-11) progresses at a more rapid rate than normal to 
(301). Two possibilities for this observation include anisotropy of diffusion or a non-
uniformity (directionally) in previously existing residual strain field.  
 154 
 
 
 
Figure 5-6: Isochronal peak reaction temperature during isochronal heating at 30CPM 
of α + β processed Ti-15Mo-(0.15-0.5)O. 
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(a) 
 
(b) 
Figure 5-7: Evolution (a) of the ω, (b) α volume fraction for α + β processed Ti-15Mo-
0.5O during aging at 400˚C determined by x-ray diffraction based on all available 
diffraction lines to reduce statistical errors, grain size or texture effects derived by a 
method introduced by Giamei and Freis [24].  
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Figure 5-8: ω evolution during low temperature aging of α + β processed Ti-15Mo-
(0.15-0.5)O: a. growth on the ω phase from the quenched condition, b stabilization of 
the ω phase, c further growth of the ω phase and d Dissolution of the ω phase.  
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O
m
e
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5.2. α phase 
 
 
 As previously discussed, the low temperature reactions in α + β processed Ti-
15Mo, Figure 5-6, arise from the ω transformations displayed in this alloy system. 
HRSEM further indicates that the isochronal reaction, R3 as well as the secondary 
isothermal reaction observed at 400°C , P2, can be associated with the formation of a 
continuous grain boundary α film, Figure 5-9, 5-10 and 5-11. Finally, R4 which was 
only observed at the highest oxygen level examined in α + β processed Ti-15Mo could 
be associated with the formation of intragranular α, Figure 5-3.  
The elevated temperature thermal analysis results of β processed Ti-15Mo are 
similar to the α + β processed material. The increase in R3 observed can be ascribed to 
the need to overcome the grain boundary nucleation energy, only growth of grain 
boundary α from pre-existing triple point primary α being previously observed in the α 
+ β processed Ti-15Mo. The duplex nature of grain boundary α formation in β 
processed Ti-15Mo-2O follows the prior study of Qazi and Rack [21-23] who showed 
that the degree of oxygen partitions to the β grain boundaries depends on the grain 
boundary misorientation. 
 Several changes in the grain boundary and primary morphology were also 
observed, Figure 5-10. At low temperature, e.g. 400°C and long aging time sideway 
growth of α from both the grain boundary and primary α were observed, Figure 5-14 a. 
Increasing aging times results in thickening of the sideways α plates accompanied by  
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Figure 5-9: Ti-15Mo-0.15O aged at 400°C for 256 hours (SEM backscatter image); the 
arrows show a) grain boundary α film and b) sideway growth of α platelets from the 
grain boundary into matrix. 
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partitioning of Mo to the residual β phase, the latter ultimately being encapsulated in the 
precipitate α particles, Figure 5-14 b. 
The hardness response parallels this evolution and is dependent upon the ω and 
α phase evolution. The initial hardness increase is due to the growth of ω. The hardness 
plateau is based on stabilized ω size and fine α precipitation. The overaging hardness 
response is due to continuous secondary α formation and growth combined with ω 
coarsening and dissolution. Hardness increases with increasing interstitial content as a 
result of solid solution strengthening and α particle refinement.  
 160 
 
 (a) 
(b) 
(c) 
(d) 
Figure 5-10: Grain boundary α evolution in α+β processed Ti-15Mo alloys during low 
temperature aging: (a) initial primary α particles at grain boundary triple points (b) 
initial growth along grain boundary, (c) grain boundary film formation, (d) sideway 
growth of α platelets.  
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Figure 5-11: Grain boundary α (arrow) formation in α+β processed Ti-15Mo-0.15O α + 
β processed aged at 400˚C for 8 hours.
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(a) 
(b) 
Figure 5-12: α+β processed Ti-15Mo-0.5O aged at 450°C for (a) 16 hours and (b) 256 
hours (SEM backscatter image). 
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Figure 5-13: Ti-15Mo-0.5O aged at 400˚C for 256 hours, epitaxial growth of α platelets 
from the grain boundary α. 
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(a) 
 
(b) 
Figure 5-14: Ti-15Mo-0.15O aged at 400˚C for 512 hours, sideway α and encapsulation 
of β particles (arrows), (b) higher magnification. 
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CHAPTER SIX 
 
6. CONCLUSIONS 
This dissertation has shown: 
1. Two types of ω phase can be observed. The reversible ω phase forms 
displacively on rapid cooling. The irreversible ω is chemically altered reversible 
ω. 
 
2. Oxygen reduces the displacive transformation.  
 
a. Oxygen sits within the tetrahedral interstitial bcc lattice sites and directly 
interferes with the ω transformation. Increasing oxygen content 
decreases reversible ω volume fraction and size.  
 
b. Increased bonding energy between Mo-O atoms, vis a vis Ti-O results in 
oxygen enriched and depleted areas. ω can still form in the oxygen 
depleted areas 
 
3. The irreversible ω forms during intermediate cooling rates. This chemical 
alteration is due to short range diffusion. Heating rates have the same effect. 
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4. Irreversible ω evolves during isothermal aging in four stages: a) growth, b) 
stabilization, c) coarsening and d) dissolution. The ω size is stabilized due to 
elastic strains associated with the particles. Coarsening begins when these 
strains are relieved by α nucleation. Dissolution is accompanied by further 
growth of the α phase. Increasing temperature and/ or oxygen content 
accelerates this evolution to shorter size stabilization times and accelerated ω 
coarsening and α nucleation.  
 
 
5. At low aging temperatures and long aging times grain boundary and primary α 
morphologies under changes, these being associated with the growth of sideway 
α platelets. Further increase in aging times and oxygen causes thickening of the 
sideway α platelets accompanied by Mo partitioning to the residual β, the latter 
being encapsulated within the surrounding expanded primary α phase.  
 
6. Oxygen affects the secondary α nucleation. 
 
a. Up to 0.5 weight percent oxygen promotes homogeneous α formation. 
 
b. At higher oxygen concentrations, for example 2wt% in Ti-15Mo, oxygen 
clusters act as preferred heterogeneous α nucleation sites causing earlier 
α nucleation. 
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7. The hardness response is based on the evolution of the ω and α phase 
i. Hardness increase due to ω size increase. 
ii. Hardness plateau based on ω size stabilization and initial fine α 
precipitation. 
iii. Overaging, ω coarsening and dissolution paired with further α growth. 
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Appendix A 
Pandat Calculations 
 
The Pandat phase diagram calculation software from CompuTherm LLC with the 
Titanium Database Version 6 was used to determine the phase diagrams for Ti-15Mo-
0.15/0.35/0.5/1/2O. 
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Table A 1: Pandat calculations for Ti-15Mo-0.15O 
Phase Name T[˚C] 
Volume Fraction 
(BCC_A2) 
Volume Fraction 
(HCP_A3) 
w%(MO@BCC_A2) w%(O@BCC_A2) w%(TI@BCC_A2) w%(MO@HCP_A3) w%(O@HCP_A3) w%(TI@HCP_A3) 
BCC_A2 800 1 
 
15 0.15 84.85 
   
BCC_A2 785 1 
 
15 0.15 84.85 
   
BCC_A2 770 1 
 
15 0.15 84.85 
   
BCC_A2+HCP_A3 762.192 1 0 15 0.15 84.85 0.149049 0.994655 98.8563 
BCC_A2+HCP_A3 755 0.972025 0.0279747 15.3883 0.13009 84.4816 0.169961 0.910398 98.9196 
BCC_A2+HCP_A3 740 0.909109 0.0908914 16.341 0.0950351 83.564 0.218 0.755898 99.0261 
BCC_A2+HCP_A3 725 0.842488 0.157512 17.4887 0.0683867 82.4429 0.267888 0.633114 99.099 
BCC_A2+HCP_A3 710 0.775877 0.224123 18.8114 0.0488156 81.1398 0.314813 0.539858 99.1453 
BCC_A2+HCP_A3 695 0.712321 0.287679 20.2775 0.0346324 79.6878 0.355796 0.470125 99.1741 
BCC_A2+HCP_A3 680 0.653519 0.346481 21.858 0.0243705 78.1177 0.389709 0.417642 99.1926 
BCC_A2+HCP_A3 665 0.600061 0.399939 23.5311 0.0169441 76.452 0.416476 0.377454 99.2061 
BCC_A2+HCP_A3 650 0.551887 0.448113 25.2818 0.0115883 74.7066 0.436462 0.346051 99.2175 
BCC_A2+HCP_A3 635 0.50863 0.49137 27.1 0.00776138 72.8923 0.450169 0.321037 99.2288 
BCC_A2+HCP_A3 620 0.469813 0.530187 28.9784 0.00506854 71.0166 0.458115 0.300774 99.2411 
BCC_A2+HCP_A3 605 0.434943 0.565057 30.9116 0.00321352 69.0852 0.46081 0.284126 99.2551 
BCC_A2+HCP_A3 590 0.40356 0.59644 32.8953 0.00196954 67.1027 0.458746 0.270286 99.271 
BCC_A2+HCP_A3 575 0.375256 0.624744 34.9252 0.00116182 65.0736 0.452404 0.258668 99.2889 
BCC_A2+HCP_A3 560 0.349671 0.650329 36.9971 0.000656735 63.0023 0.442254 0.248836 99.3089 
BCC_A2+HCP_A3 545 0.3265 0.6735 39.1058 0.000354137 60.8939 0.428764 0.240457 99.3308 
BCC_A2+HCP_A3 530 0.305478 0.694522 41.2456 0.000181359 58.7542 0.412395 0.233271 99.3543 
BCC_A2+HCP_A3 515 0.286382 0.713618 43.4097 8.78E-05 56.5902 0.393602 0.227075 99.3793 
BCC_A2+HCP_A3 500 0.269017 0.730983 45.5904 4.00E-05 54.4096 0.372833 0.221705 99.4055 
 174 
 
Table A2: Pandat calculations for Ti-15Mo-0.35O 
Phase Name T[˚C] 
Volume Fraction 
(BCC_A2) 
Volume Fraction 
(HCP_A3) 
w%(MO@BCC_A2) w%(O@BCC_A2) w%(TI@BCC_A2) w%(MO@HCP_A3) w%(O@HCP_A3) w%(TI@HCP_A3) 
BCC_A2 900 1 
 
15 0.35 84.65 
   
BCC_A2 880 1 
 
15 0.35 84.65 
   
BCC_A2 860 1 
 
15 0.35 84.65 
   
BCC_A2 840 1 
 
15 0.35 84.65 
   
BCC_A2 820 1 
 
15 0.35 84.65 
   
BCC_A2+HCP_A3 809.318 1 0 15 0.35 84.65 0.0396777 1.94368 98.0166 
BCC_A2+HCP_A3 800 0.974007 0.025993 15.3579 0.314395 84.3277 0.0451717 1.83789 98.1169 
BCC_A2+HCP_A3 780 0.914386 0.085614 16.2518 0.243734 83.5045 0.0598198 1.6183 98.3219 
BCC_A2+HCP_A3 760 0.850173 0.149827 17.3455 0.182526 82.472 0.078592 1.41544 98.506 
BCC_A2+HCP_A3 740 0.783075 0.216925 18.6639 0.132022 81.2041 0.100956 1.23641 98.6626 
BCC_A2+HCP_A3 720 0.715661 0.284339 20.2129 0.0923306 79.6948 0.125329 1.08525 98.7894 
BCC_A2+HCP_A3 700 0.650613 0.349387 21.9783 0.0624722 77.9593 0.149513 0.961889 98.8886 
BCC_A2+HCP_A3 680 0.589946 0.410054 23.9336 0.0408466 76.0256 0.171418 0.863154 98.9654 
BCC_A2+HCP_A3 660 0.534712 0.465288 26.0501 0.0257241 73.9241 0.189527 0.784626 99.0258 
BCC_A2+HCP_A3 640 0.485156 0.514844 28.3032 0.0155263 71.6813 0.202978 0.722033 99.075 
BCC_A2+HCP_A3 620 0.441031 0.558969 30.6734 0.00892456 69.3177 0.211446 0.671821 99.1167 
BCC_A2+HCP_A3 600 0.401853 0.598147 33.1464 0.00484901 66.8487 0.214991 0.631216 99.1538 
BCC_A2+HCP_A3 580 0.367073 0.632927 35.7108 0.00246951 64.2867 0.213929 0.598113 99.188 
BCC_A2+HCP_A3 560 0.336166 0.663834 38.3558 0.00116803 61.643 0.208746 0.570915 99.2203 
BCC_A2+HCP_A3 540 0.308667 0.691333 41.0699 0.00050808 58.9296 0.200033 0.548408 99.2516 
BCC_A2+HCP_A3 520 0.284178 0.715822 43.8388 0.000201224 56.161 0.188438 0.529656 99.2819 
BCC_A2+HCP_A3 500 0.262365 0.737635 46.6456 7.18E-05 53.3544 0.174624 0.513935 99.3114 
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Table A3: Pandat calculations for Ti-15Mo-0.5O 
Phase Name T[˚ C] 
Volume 
Fraction 
(BCC_A2) 
Volume 
Fraction 
(HCP_A3) 
w%(MO@BCC_A2) w%(O@BCC_A2) w%(TI@BCC_A2) w%(MO@HCP_A3) w%(O@HCP_A3) w%(TI@HCP_A3) 
BCC_A2 900 1 
 
15 0.5 84.5 
   
BCC_A2 880 1 
 
15 0.5 84.5 
   
BCC_A2 860 1 
 
15 0.5 84.5 
   
BCC_A2+HCP_A3 842.934 1 0 15 0.5 84.5 0.0205527 2.50242 97.477 
BCC_A2+HCP_A3 840 0.993011 0.00698859 15.0939 0.487646 84.4185 0.0212043 2.47165 97.5072 
BCC_A2+HCP_A3 820 0.943229 0.0567715 15.8012 0.405696 83.7931 0.0264306 2.26251 97.7111 
BCC_A2+HCP_A3 800 0.889822 0.110178 16.6437 0.328939 83.0274 0.0332415 2.0576 97.9092 
BCC_A2+HCP_A3 780 0.833288 0.166712 17.6459 0.259131 82.0949 0.0418662 1.8617 98.0964 
BCC_A2+HCP_A3 760 0.774638 0.225362 18.8285 0.197839 80.9737 0.052326 1.67973 98.2679 
BCC_A2+HCP_A3 740 0.715352 0.284648 20.2034 0.14611 79.6505 0.0643098 1.51579 98.4199 
BCC_A2+HCP_A3 720 0.657123 0.342877 21.771 0.104229 78.1248 0.0771461 1.37226 98.5506 
BCC_A2+HCP_A3 700 0.601494 0.398506 23.5203 0.07171 76.408 0.0899189 1.24949 98.6606 
BCC_A2+HCP_A3 680 0.549572 0.450428 25.4335 0.0474815 74.519 0.101668 1.14617 98.7522 
BCC_A2+HCP_A3 660 0.501938 0.498062 27.491 0.0301635 72.4788 0.11157 1.06001 98.8284 
BCC_A2+HCP_A3 640 0.458726 0.541274 29.6748 0.0183067 70.3069 0.11904 0.988462 98.8925 
BCC_A2+HCP_A3 620 0.419774 0.580226 31.97 0.0105572 68.0194 0.123753 0.929055 98.9472 
BCC_A2+HCP_A3 600 0.384762 0.615238 34.3653 0.00574646 65.629 0.125621 0.879634 98.9947 
BCC_A2+HCP_A3 580 0.353314 0.646686 36.8509 0.00292945 63.1461 0.124744 0.838386 99.0369 
BCC_A2+HCP_A3 560 0.325063 0.674937 39.4175 0.00138647 60.5811 0.121366 0.803827 99.0748 
BCC_A2+HCP_A3 540 0.299676 0.700324 42.0542 0.000603508 57.9452 0.115829 0.774749 99.1094 
BCC_A2+HCP_A3 520 0.276868 0.723132 44.7474 0.000239265 55.2524 0.10853 0.750179 99.1413 
BCC_A2+HCP_A3 500 0.256391 0.743609 47.4804 8.56E-05 52.5195 0.0998985 0.729332 99.1708 
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Table A4: Pandat calculations for Ti-15Mo-1O 
Phase Name T[˚C] 
Volume 
Fractio
n 
(BCC_A
2) 
Volume 
Fraction 
(HCP_A3
) 
w%(MO@BCC_A
2) 
w%(O@BCC_A
2) 
w%(TI@BCC_A
2) 
w%(MO@HCP_A
3) 
w%(O@HCP_A
3) 
w%(TI@HCP_A
3) 
BCC_A2 1200 1 
 
15 1 84 
   
BCC_A2 
1176.
67 
1 
 
15 1 84 
   
BCC_A2 
1153.
33 
1 
 
15 1 84 
   
BCC_A2 1130 1 
 
15 1 84 
   
BCC_A2 
1106.
67 
1 
 
15 1 84 
   
BCC_A2 
1083.
33 
1 
 
15 1 84 
   
BCC_A2 1060 1 
 
15 1 84 
   
BCC_A2 
1036.
67 
1 
 
15 1 84 
   
BCC_A2 
1013.
33 
1 
 
15 1 84 
   
BCC_A2 990 1 
 
15 1 84 
   
BCC_A2 
966.6
67 
1 
 
15 1 84 
   
BCC_A2+HCP_
A3 
953.9
1 
1 0 15 1 84 0.0059547 3.94726 96.0468 
BCC_A2+HCP_
A3 
943.3
33 
0.98181
1 
0.01818
9 
15.2431 0.953557 83.8033 0.00618371 3.86413 96.1297 
BCC_A2+HCP_
A3 
920 
0.93986
4 
0.06013
59 
15.8381 0.850371 83.3115 0.006798 3.67683 96.3164 
BCC_A2+HCP_
A3 
896.6
67 
0.89532
9 
0.10467
1 
16.5277 0.746778 82.7256 0.0075889 3.48512 96.5073 
BCC_A2+HCP_
A3 
873.3
33 
0.84821
8 
0.15178
2 
17.3313 0.643772 82.0249 0.00859197 3.29068 96.7007 
BCC_A2+HCP_
A3 
850 
0.79873
7 
0.20126
3 
18.2707 0.542731 81.1866 0.00984241 3.09574 96.8944 
BCC_A2+HCP_
A3 
826.6
67 
0.74736
6 
0.25263
4 
19.3676 0.445461 80.1869 0.0113669 2.90304 97.0856 
BCC_A2+HCP_
A3 
803.3
33 
0.69490
5 
0.30509
5 
20.6411 0.354188 79.0047 0.0131701 2.71575 97.2711 
BCC_A2+HCP_
A3 
780 
0.64244
9 
0.35755
1 
22.1028 0.271379 77.6258 0.0152187 2.53716 97.4476 
BCC_A2+HCP_
A3 
756.6
67 
0.59125
2 
0.40874
8 
23.7538 0.199368 76.0468 0.0174275 2.37032 97.6123 
BCC_A2+HCP_
A3 
733.3
33 
0.54249
1 
0.45750
9 
25.5832 0.139817 74.277 0.0196573 2.21758 97.7628 
BCC_A2+HCP_
A3 
710 
0.49703
7 
0.50296
3 
27.5718 0.0932586 72.3349 0.0217289 2.08031 97.898 
BCC_A2+HCP_
A3 
686.6
67 
0.45533
2 
0.54466
8 
29.6987 0.0589543 70.2423 0.0234538 1.95883 98.0177 
BCC_A2+HCP_
A3 
663.3
33 
0.41742
2 
0.58257
8 
31.9468 0.0351743 68.018 0.0246671 1.85258 98.1227 
BCC_A2+HCP_
A3 
640 
0.38308
8 
0.61691
2 
34.3054 0.0196944 65.6749 0.0252544 1.7604 98.2143 
BCC_A2+HCP_
A3 
616.6
67 
0.35199
3 
0.64800
7 
36.7696 0.0102683 63.2202 0.0251642 1.68082 98.294 
BCC_A2+HCP_
A3 
593.3
33 
0.32378
6 
0.67621
4 
39.3371 0.00493572 60.658 0.0244079 1.6123 98.3633 
BCC_A2+HCP_
A3 
570 
0.29815
9 
0.70184
1 
42.0049 0.0021612 57.9929 0.0230512 1.5534 98.4235 
BCC_A2+HCP_
A3 
546.6
67 
0.27487
4 
0.72512
6 
44.7659 0.000850524 55.2333 0.0212005 1.50279 98.476 
BCC_A2+HCP_
A3 
523.3
33 
0.25375 0.74625 47.606 0.000296587 52.3937 0.018988 1.45932 98.5217 
BCC_A2+HCP_
A3 
500 
0.23464
9 
0.76535
1 
50.5041 9.04E-05 49.4958 0.0165575 1.42198 98.5615 
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Table A5: Pandat calculations for Ti-15Mo-2O 
Phase Name T[˚ C] 
Volum
e 
Fractio
n 
(BCC_A
2) 
Volum
e 
Fractio
n 
(LIQUI
D) 
Volume 
Fraction 
(HCP_A3) 
w%(MO@BCC_A
2) 
w%(O@BCC_A
2) 
w%(TI@BCC_A
2) 
w%(MO@LIQUI
D) 
w%(O@LIQUI
D) 
w%(TI@LIQUI
D) 
w%(MO@HCP_A
3) 
w%(TI@HCP_A
3) 
BCC_A2+LIQUI
D 
1600 
0.5399
58 
0.4600
42  
3.83905 0.636291 95.5247 27.3032 3.50327 69.1936 
   
BCC_A2+LIQUI
D 
1563.
33 
0.5844
21 
0.4155
79  
4.55535 0.766459 94.6782 28.7376 3.62244 67.64 
   
BCC_A2+LIQUI
D 
1526.
67 
0.6280
21 
0.3719
79  
5.44182 0.912563 93.6456 30.0389 3.71098 66.2502 
   
BCC_A2+LIQUI
D 
1490 
0.6742
6 
0.3257
4  
6.54079 1.07508 92.3841 31.2703 3.77897 64.9508 
   
BCC_A2+LIQUI
D 
1453.
33 
0.7262
89 
0.2737
11  
7.90104 1.2547 90.8443 32.4671 3.83382 63.6991 
   
BCC_A2+LIQUI
D 
1416.
67 
0.7877
9 
0.2122
1  
9.57689 1.45267 88.9704 33.6509 3.88235 62.4668 
   
BCC_A2+LIQUI
D 
1380 
0.8637
67 
0.1362
33  
11.6251 1.67126 86.7036 34.835 3.93208 61.2329 
   
BCC_A2+LIQUI
D 
1343.
33 
0.9616
86 
0.0383
14  
14.0985 1.91459 83.9869 36.0266 3.99206 59.9814 
   
BCC_A2+LIQUI
D 
1331.
43 
1 0 
 
15 2 83 36.4153 4.0156 59.5691 
   
BCC_A2 
1306.
67 
1 
  
15 2 83 
      
BCC_A2 1270 1 
  
15 2 83 
      
BCC_A2 
1233.
33 
1 
  
15 2 83 
      
BCC_A2+HCP_
A3 
1197.
26 
1 
 
0 15 2 83 
   
0.00391265 5.95163 94.0445 
BCC_A2+HCP_
A3 
1196.
67 
0.9993
65  
0.000635 15.0082 1.99783 82.9939 
   
0.00390608 5.94917 94.0469 
BCC_A2+HCP_
A3 
1160 
0.9590
88  
0.040912 15.5501 1.86092 82.589 
   
0.00353906 5.79142 94.205 
BCC_A2+HCP_
A3 
1123.
33 
0.9167
64  
0.083236 16.1672 1.71806 82.1147 
   
0.00324385 5.62246 94.3743 
BCC_A2+HCP_
A3 
1086.
67 
0.8721
15  
0.127885 16.8783 1.56889 81.5528 
   
0.00301259 5.44219 94.5548 
BCC_A2+HCP_
A3 
1050 
0.8248
7  
0.17513 17.708 1.41303 80.879 
   
0.00283898 5.2507 94.7465 
BCC_A2+HCP_
A3 
1013.
33 
0.7747
97  
0.225203 18.6886 1.25025 80.0612 
   
0.00271794 5.04839 94.9489 
BCC_A2+HCP_
A3 
976.6
67 
0.7217
7  
0.27823 19.862 1.08057 79.0574 
   
0.00264524 4.83605 95.1613 
BCC_A2+HCP_
A3 
940 
0.6658
81  
0.334119 21.2811 0.904777 77.8141 
   
0.00261673 4.61506 95.3823 
BCC_A2+HCP_
A3 
903.3
33 
0.6076
43  
0.392357 23.0077 0.725169 76.2672 
   
0.00262675 4.38761 95.6098 
BCC_A2+HCP_
A3 
866.6
67 
0.5482
83  
0.451717 25.1005 0.547123 74.3524 
   
0.00266487 4.15726 95.8401 
BCC_A2+HCP_
A3 
830 
0.4900
27  
0.509973 27.5842 0.380729 72.0351 
   
0.00270993 3.92977 96.0675 
BCC_A2+HCP_
A3 
793.3
33 
0.4358
96  
0.564104 30.4053 0.239921 69.3548 
   
0.00272425 3.71347 96.2838 
BCC_A2+HCP_
A3 
756.6
67 
0.3884
32  
0.611568 33.4307 0.135731 66.4336 
   
0.00266136 3.51698 96.4804 
BCC_A2+HCP_
A3 
720 
0.3482
67  
0.651733 36.533 0.0688632 63.3981 
   
0.00249271 3.34502 96.6525 
BCC_A2+HCP_
A3 
683.3
33 
0.3143
07  
0.685693 39.6668 0.031161 60.302 
   
0.00222445 3.19708 96.8007 
BCC_A2+HCP_
A3 
646.6
67 
0.2849
61  
0.715039 42.8592 0.0123537 57.1284 
   
0.00188776 3.07006 96.9281 
BCC_A2+HCP_
A3 
610 
0.2589
48  
0.741052 46.1622 0.00416173 53.8337 
   
0.00152136 2.9606 97.0379 
BCC_A2+HCP_
A3 
573.3
33 
0.2354
95  
0.764505 49.6145 0.00114436 50.3843 
   
0.00116092 2.86613 97.1327 
BCC_A2+HCP_
A3 
536.6
67 
0.2142
6  
0.78574 53.2203 0.000245365 46.7794 
   
0.000834645 2.78478 97.2144 
BCC_A2+HCP_
A3 
500 
0.1951
6  
0.80484 56.9435 3.91E-05 43.0564 
   
0.000561586 2.71521 97.2842 
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Appendix B 
Avramni Exponent and Volume plots 
 
Experimental isothermal data were analyzed within the framework of the JMAK 
model [1, 2]. The JMAK model assumes that phase changes occur via nucleation and 
growth reactions and that nucleation sites are randomly distributed. According to the 
most generalized JMAK equation for the isothermal nucleation and growth process, the 
volume fraction X(t) transformed at time t is given by: 
X(t)=1-exp{-[k(t-τ)]n},   (1) 
Where n is the “Avramni exponent”, which depends on the mechanism of the 
transformation process, k a temperature-dependent reaction rate constant, and τ is the 
incubation time. In isothermal trials, the transformed fraction X(t) is related to the 
integrated signal through 
X(t)= C D
EF
EGHIJ
G
K
C DEFEGHIJ
GLK
= ∆N
J∆N =
O
J
OPQP,	  (2) 
Where dQ/dt is the heat flow detected by DSC, ∆H(t) the amount of heat released 
up to any time t, and ∆H is the total heat released during the α-grain boundary 
precipitation process, given by integrating the peak between τ and tf, the process end 
time. For clarification, during integration the equation can also be written where A(t) is 
the partial area of exothermic peak. This is obtained by integrating the isothermal DSC 
curves from τ up to any time t and Atot is the total area of the exothermic peak due to α-
grain boundary precipitation. Substituting Eq. (1) into Eq. (2), we obtain the direct 
 179 
 
relationship between the DSC signal dQ/dt, and the rate of the precipitation process, 
dX/dt: 
IS
IJ = ΔU
IV
IJ =∆Hnk
n(t-τ)n-1exp{-[k(t-τ)]n},     
 (3) 
Solving Eq. (3) for X(t) produces the most generalized JMAK equation as shown by 
Eq. (1) Based on Eq. (1), we can obtain the following equation: 
ln[-ln(1-x)]=ln k +nln(t-τ).  (4) 
The local Avramni exponent n(x) can be calculated by differentiating Eq. (4): 
,
W = XYZ	5B YZ
[B\;XYZ	
JB]    (5) 
  
The experimental data were fitted using equation (4) and (5), respectively, in order 
to obtain the kinetic parameters k and n. The data fitting was performed using a 
commercial software program, OriginPro 8.5 (OriginLab Corporation, USA). The 
Avramni exponents found were associated with microstructural evolution based on a 
summary published by Christian, Table B4 [3].  
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Figure B1: Sigmoidal plots for each individual peak occurring during isothermal aging 
of Ti-15Mo-0.15O 
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Figure B1: continued 
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Table B1: Avramni coefficients of Ti-15Mo-0.15O aged between 400 and 550°C. 
Temperature Avramni Coefficients 
400°C  
P1 0.977 0.76 
450°C  
P1 + P2 0.978 0.37 
P3 1.11 
500°C  
P1 + P2 0.91 1.857 
P 3 1.09 1.98 
550°C  
P1 1.1 
 
  
 183 
 
0.1 1 10 100
0.0
0.2
0.4
0.6
0.8
1.0
Volume Fraction
Ti-15Mo-0.35O
Solution Treated: 760oC, 110 min, WQ
Aged: 400oC - 30CPM
Peak 1
Vo
lu
m
e 
Fr
ac
tio
n
 
Tr
an
sf
or
m
ed
Time (min)
 (a)
0.1 1 10 100 1000
0.0
0.2
0.4
0.6
0.8
1.0 Volume Fraction
Ti-15Mo-0.35O
Solution Treated: 760oC, 110 min, WQ
Aged: 400oC - 30CPM
Peak 2
Vo
lu
m
e 
Fr
ac
tio
n 
Tr
an
sf
or
m
ed
Time (min)
(b) 
0.1 1 10 100
0.0
0.2
0.4
0.6
0.8
1.0 Volume Fraction
Ti-15Mo-0.35O
Solution Treated: 760oC, 110 min, WQ
Aged: 450oC - 30CPM
Peak 1
Vo
lu
m
e 
Fr
ac
tio
n 
Tr
an
sf
or
m
ed
Time (min)
(c) 
Figure B2: Sigmoidal plots for each individual peak occurring during isothermal aging 
of Ti-15Mo-0.35O 
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Figure B2: continued 
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Figure B2: continued 
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Table B2: Avramni coefficients of Ti-15Mo-0.35O aged between 400 and 550°C. 
Temperature Avramni Coefficients 
400°C 
 
P1 0.96 0.71 
P2 1.19 1.79 
450°C  
P1 0.97 0.48 
P2 0.67 2.78 1.64 
500°C  
P1 1.07 
P2 1.36 2.07 
P3 0.99 2.44 
550°C  
P1 1.1 
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 Figure B3: Sigmoidal plots of the isothermally observed DIC peaks for Ti-15Mo-0.5O  
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Figure B3: continued 
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Figure B3: continued 
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Table B3: Avramni coefficients of Ti-15Mo-0.5O aged between 400 and 550°C. 
Temperature Avramni Coefficients 
400°C  
P1 0.92 
P2 1.1 1.96 
450°C  
P1 0.96 0.24 
P2 0.71 1.71 
500°C  
P1 0.99 0.45 
P2 1.89 
550°C  
P1 1.0 
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Table B4: Values of n in the Kinetic Law: X(t)=1-exp{-[k(t-τ)]n} [3] 
 192 
 
References 
 
 [1] M. Avramni, J. Chem. Phys. 7 (1939) 1103 
  
[2] M. Avramni, J. Chem. Phys. 8 (1940) 212 
 
[3] J. W. Christian, The Theory of Transformation in Metals and Alloys (2nd ed.), 
Elsevier, Oxford (2002) 529  
 
 
